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Preface

This techr.ical report describes research by Dr. Cardone that
began in 1966 and has been sponsored by three different contracts as
its scope increased and as the many applications that it will have be-

come apparent.

The first application of this work is to use available data more
intelligently in the development of numerical wave hindcasting and fore-
casting procedures. In 1964, a wave climatology for the North Atlantic
was produced that used ship reports to generate the wind fields for
the wave hindcasts. It took one half an hour on a CDC 1604 to generate
the wind fields for every six hours for a year. Although the hindcasts
gave quite good results, it was clear that higher resolution wind fields
and a better theory for the winds in the planetary boundary layer
would improve the quality of wave predictions. This report more than
adequately makes up for the naiveté of previous wind field models in the

p.anetary boundary layer,

A second goal for this study was to aid in the development of
the software to be used should radar scatterometry and passive
microwave data become available from a spacecraft. The definition
of the winds over the ocean depends on many factors. Work is
actively in progress to combine the results of this paper with simu-
lated data such as might be obtaincd from remote .sensing techniques
so that an sptimum analysis of the planetary boundary layer can be
made. This report makes it possible toc develop ways to use the widely
scattered ship reports over the ocean obtained on a synoptic basis in
an intelligent way for the extrapolation and interpolation of space-

craft data into areas not observed by ships.

A numerical model of the North Atlantic Ocean is presently
under development for the Office of Naval Research. For this model,
the wind stress at the sea surface and the sensible and latent heat
fluxes at the air sea boundary are needed. The procedures described
in this report define the wind stress at the sea surface, the atmospheric

stability and the air sea temperature differences on an oceanic scale.
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Although not described in this report, Dr. Cardone is developing

the extensions needed to compute evaporation from the sea surface

and sensible heat exchange. This report is thus a basic building b

block in the development of procedures for modeling the oceans.

For all of 1966 and the first eight months of 1967, this
work was sponsored by the U.S. Naval Oceanographic Office under
Contract N62306-1589, Task Order No. 3 in connection with our
still uncompleted efforts to develop a wave climatology for the
North Pacific.

From September 1967 to August 1968, this work was supported
by the Office of Naval Research under Contract Nonr 285(57).

Since September 1968 this work has been supported about
equally by the Spacecraft Oceanography Project of the U.S. Naval
Oceanographic Office and by the Office of Naval Research under the
above ONR contract and under Contract N62306-68-C-0249.

In my opinion, this report provides a firm foundaticn for
all of these efforts. It serves as the first important step in inter-
preting the wealth of micrometeorological data for global scale appli-
cation over the oceans in the practical problems of making better
weather forecasts and wave forecasts, and developing oceanographic

forecasts.

(;L/)(/Z/ ansl I, (] aiony 2o

Willard J. Pierson, Jr.
Professor of Oceanography
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Abstract

The operational application of spectral ocean wave specifi-
cation models to wave forecasting is limited mainly by the inadequacy
of the meteorological input supplied to these models by existing
meteorological analysis techniques. One of the more successful
models, whose spectral growth formulation is based upon the
Miles-Phillips resonance and instability wave generation mechan-
isms, is shown to require no less than a specification of the wind
distribucion in the marine surface boundary layer. This study demon-
strates how this requirement can be satisfied in a computerized ob-
jective format from routinely available meteorological data and
prognostic fields.

Wave generation theory is employed to develop a quantitative
formulation for the effects of atmospheric stability upon the develop-
ment of the wave spectrum. In terms of this stability dependent
spectral growth formulation, the effects of stability on wave generation
are found to be significant and compare well wich observational studies
of tlie dependence of wave height and whitecap production on air-sea
temperature difference.

A simple model of the non-neutral, baroclinic planetary
boundary layer over a sea surface described in terms of an inter-
nally prescribed roughness parameter is derived. The model is shown
to provide a suitable framework for the diagnosis of the marine
surface boundary layer wind distribution from prognostic fields of

sea level pressure, air temperature and sea surface temperature.

ix
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The model is consistent, as the surface is approached, with a surface

boundary layer model constructed around similarity profile forms

that are shown to be applicable, at least under active wave generating

R conditions, to the flow near the sea surface. Finally, it is shown how these

models can be objectively applied to ships' weather observations and
routine prognostic fields to satisfy the requirements of wave hind-

. casting and forecasting.
t .
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1. Introduction

The introduction of the spectral concept to the study of water
waves by Pierson and Marks (1952) led to new methods of describing and
predicting ocean surface waves. A practical wave forecasting technique
employing spectral concepts was developed by Pierson, Neumann and
James (1955) and was based on the fully developed spectral form and
spectral growth rates proposed by Neumann (1953). The latter were
derived from data collected by Neumann on the vessel "Heidberg' where
the wind velocities were measured at a height of 7.5 meters above sea
level. The method was eventually incorporated into a large-scale
numerical wave specification model (Baer, 1962) capable oi diagnosing
the two-dimensional vcave spectrum on a grid array representing the
North Atlantic Ocean every two hours, given the meteorological input.
In that limited study, the meteorological input consisted of grid point
values of surface wind speed and direction read from hand-analyzed
streamflow-isotach charts.

The application of the similarity theory of S. A. Kitaigorodskii
to a large sample of wave recorder data collected on the British weather
ships enabled Pierson and Moskowitz (1964) to develop a spectral form
that rather successfully described the spectra of fully developed seas
in terms of the wind speed at 19.5 meters above mean sea level.
Further, it was shown that a consideration of the variation of wind with
height through the use of logarithmic profile and the drag coefficient
proposedby Sheppard (1958) brought the results of Neumann, Pierson
and Moskowitz and others into close agreement (Pierson, 1964), The

study also demonstrated that the lack of consideration of the variatiou

E
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of wind with height in the formulation of the PNJ method and in the cal-

culation of the wind field for Baer's model was clearly to their detriment

and affected resulting wave forecasts in an uncontrollable way.

The fully developed spectral form of Pierson and Moskowitz
forms the basis of an improved wave specification model (Pierson,
Tick and Baer, !966), an important aspect of which is that the spectral
growth is specified in terms of wave generation theory. Theoretical
work during the past decade has revealed the two dominant physical
processes responsible for wave generation in the frequency range of
practical interest. On the one hand, Phillips (1957) proposed that

pressure fluctuations on the sea surface associated with atmosplieric

turbulent eddies being convected by the mean wind excite, by resonance,

a wide range of frequencies in the wave spectrum with a corresponding
linear growth rate of a spectral component. Miles (1957) proposed a
mechanism whereby the pressure field induced on the sea surface by a
sheared air flow over a wave disturbed surface results in a transfer of
energy to the waves and an exponential growth rate of a spectral com-
porient. Miles' theory has since been improved (Miles, 1959), and
extended theoretically (Phillips, 1966) to include certain aspects of
turbulent air flows.

It may be concluded from the results of several recent field
and wind tunnel studies that the above body of theory is at least in out-
line correct an~ relevant to the description of the dominant modes of
generation by wind of a large portion of the wave spectrum. Further,
it appears that Phillips' resonance mechanism is significant only for

the initial excitation of gravity waves, with the feedback mechanisms
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accounting for most of the energy input. Inoue (1967) analyzed data on

- wave growih from many sources and working within the framework of

the theory was able to develop expressions for wave generation that

proved to be superior to earlier methods when applied to sample wave i

hindcasts for the North Atlantic Ocean.

Implicit in the increasing scophistication of wave specification
models is the need for a more accurate and detailed meteoroiogical
input. Indeed, what is required by state of the art wave prediction ’
models is a specification of the wind distribution in the surface boundary '
layer over the sea on as small a time and space scale as possible. The
challenge to provide such meteoroiogical analyses in an objective,
computerized format must be met if existing models are to be made
operational and utilized to their fullest extent. Such analyses may also
provide a base of meteorolegical information from which future even
more complex wave specification models can be tested and evaluated. .

One can distinguish between two broad applications of wave

specification models. First, they may be applied to meteorological

forecasts to produce wave forecasts. Until such time as time-dependent
and highly detailed boundary layer models are integrated into numerical
weather prediction schemes, the meteorological forecast proc: ~ta :-ost
adaptable to wave forecasting are sea level pressure and temperature
proguoses such as those currently produced by primitive equation pre-
diction models. Seccndly, wave specification models may be applied

to wave hindcasting; that ie, the calculation of wave fields from an
historical record of meteorological data. Wave hindcasting has been

employed to test wave specification models, as well as to calculate
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wave spectrum climatologies. Also, since it is currently impossible

to specify the initial conditions for a wave forecasting model from data,

the initial conditions are calculated thrcugh a wave hind:asting procedure

. operating on initial meteorological analyses.
A meteorological analysis procedure for wave forecasting

must then be capable of specifying the required input from both forecasted

meteorological fields and from routine observations. An analysis scheme

is proposed in this study that satisfies these requirements by incorporat-

ing models of the surface and planetary boundary layers of the marine

atmosphere into an objective computerized analysis procedure.

A simple two-layer model of the marine planetary boundatry N
. layer has been developed that includes the effects of atmospheric stability, ‘
baroclinicity and a realistic description of the lower boundary. The
model makes possible the specification of the meteorological input for
wave forecasting from prognoses of sea level pressure and temperature !
and a knowledge of sea surface temperature. The lower layer of the
planetary boundary layer model is coneistent with a surface boundary
layer model that is employed to utilize routine ships' observations of
wind and air-sea temperature difference to the specification of the re-
quired meteorological input.
The inclusion of the effects of atmospheric stability in the

analysis procedure allows such effects to be incorporated into the
wave forecasting model. As a part of this study, a spectral wave
forecasting model is extended to include the effects of stability on wave
; growth, and the results are compared with empirical studies revealing
g v the effects of stability on wave height and whitecap production. '

The analysis model ie particularly well suited to the utilization o
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of new sources of marine data that are likely to become available in the
near future. For example, as a part of IGOOS¥*, an international
marine data-gathering buoy system is under active development, and

it is posaible that a prototype network of such a system could be in
operation as early as 1973. The part of this study that deals with the
treatment of the several existing types of observations at sea should
help in the utilization of buoy data for an accurate definition of the

wind field near the sea surface.

Another important source of data that may become routinely
available is measurements of radar sea return from an orbiting
satellite. It has been demonstrated experirnentally that such measure-
ments are a measure of sea state and that they may reflect largely the
high frequency part of the wave spectrum (Moore and Pierson, 1967).
Should this be the case, radar measurements would provide an in-
direct observation of the local wind field. To infer the wind speed at
any height near the sea surface from such measurements will require
the application of surface boundary layer theory as is done in this study.

When they become available, these new sources of data should
greatly improve our knowledge of the low level wind field over the
world's oceans. Part of the analysis procedure outlined in this study
could be applied to such analyses to yield improved analyses of wind
and pressure in the marine planetary boundary layer. These analyses
could in turn be coupled with satellite infrared spectroscopic measure-
menta to provide the three-dimensional distribution of geopotential
in the marine atmosphere, a basic input to numerical weather pre-

diction models. The most immeciate benefit of such analyses, however,

*International Global Gceanic Observing System.




is to wave specification. Hence, before describing the analysis model

in more detail, it would be fruitiul to describe in detail the meteoro-

logical requirements of the wave specification model under develovment

at New York University.
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2, Meteorological Aspects of a Spectral Wave Specification Model

2.] Spectral growth formulation

In the abgence of nonlinear effects, the growth of a wave

spectral component can be expressed as (see, e.g., Snyder, 1965)

-é-i{S(f, %,t) = A(f, x, t) + B(f, %, t) S{£, X, t) (2. 1)

where S(f, x,t) is the one-dimensional spectral dengity of the component
at frequency { at the point x and time t, and A and B represent
functions of the wind field. The quantity A has been given physical
significance through the theory of Phillips (1957) which explains the
initial generation of gravity waves on an undisturbed sea surface through
a resonant excitation of gravity waves by incoherent atmospheric turbu-
lent pressure fluctuations. Snyder and Cox (1966) conducted a field
study in which they measured the growth rate of waves seventeen meters
long. Utilizing measurements of the atmospheric turbulent pressure
spectrum (over mowed grass) by Priestly (1965), they concluded that

Phillips' resonance mechanism was probably responsible for the initial

excitation of tne 17 meter waves.

In the formulation of the wave growth for a wave gpecification
model, Inoue (1967) utilized the measurements of Priestly and Snyder
and Cox, and following the method deveioped by Barnett (1967) formu-
lated a general expression for ‘A as a function of frequency and wind
speed. In the process, the wind data were corrected to 19.5 meters

through the use of a logarithmic profile, since atmospheric stability

was near neutral in the field conditions encountered. By the very

nature of the formulation, then, at least for neutral conditions, it is




important that the meteorological input to Inoue's model be designed so as
. to produce winds representative of 19.5 meters. Failurc to do so intro-
duces errors in both the amplitude and peak frequency of the implied
atmospheric pressure spectrum. It should be noted, however, that the
calculations of spectral growth by both Snyder and Cox (1966) and Barnett
and Wilkerson (1967} suggest that in most instances of practical signi-

ficance, only a very small portion of energy input to waves by the wind

is done so through a resonance mechanism. It appears that the mechan-

ism acts merely to trigger growth by an instability mechanism which in

turn is responsible for most of the wave energy.

The quantity B in equation (2. 1) has been given dynamical
and physical significance through a series of studies beginning with the
! - pioneering work of Miles (1957). In that study, Miles was the first to
E calculate the amplitude of the component of atmospheric pressure, in-
| duced by a prescribed free surface wave, in the air flow over the wave
and in phase with the wave slope, but the mnodel was rather idealized in

that the air flow over the waves was regarded as quasi-laminar, atmo-

spheric turbulence being neglected except in the sense that the mean
wind profile was specified as logarithmic. The main conclusion of that

_ work was that energy is transferred from the air flow to a wave of a
l‘ given phase speed at a rate proportional to the ratio of wind profiie
: curvature to slope at the elevation where the wind speed equals the phase
speed, the so-called critical or matched layer. Miles (1960) then
: i presented a more accurate version of this model and combined it with

: the resonance model to chow that the two were rather complementary,

each generating mechanism dominating in different states of wave develop-

ment. Phillips (1966) was successful in extending Miles' model to include

s ey e - it e ey s — S M or iz P Ve b
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some aspects of atmospheric turbulence and showed that these effects
were most important in determining the energy transfer by an instability
mechanism from wind to wave components possessing phase speeds
near or above anemometer height wind speeds.

The important result of the combined Miles-Phillips instability
theories is that the spectral density of a wave component increases ex-
ponentially with time or fetch (until dissipative effects become irnportant)

with the magnitude of the cimensionless growth rate given as

3
A_rfk

P " o B 2
%=_a..22"_{ — -%) <J‘[Ucosu-C]2e kzdz)
Pw C%k cos ‘a u! Z, 2%2m

o0
+ Ap f IZ(-U") cosa|lU cosa- Cj 2k dz} (2.2)
o

where Pa and Py, are air and water density respectively, C is
phase speed, k is wave number, U'" and U' the mean wind profile
curvature and slope, a the directional difference between wind and
wave, and z the elevation where wind speed and phase speed are
equal. A and Ap are constants and 1'2 is a number taking on the
value +! below the matched layer and is less than one above, The first
integral on the right-hand side of (2.2) and its coefficient is Miles'
solution, and the second integral is Phillips‘dcontribution, with the
range at integration limited to the fully turbulent regior of the flow.

To compare the theory with available observations of wave
growth, of course, requires estimates of the constants Am’ AP and T
above the matched layer. Miles' quasi-laminar analysis gives A ==
and r2 = 1/3. Phillips (1966) remarks that they are probably of the

same order in turbulent flow as well. The value of Ap can only be
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found by experiment and Phillips (1966) employed Motzfeld's (1937)
measurements of the 2ir flow over solid wave models to show A is
about 1.6 x 10'2 with an uncertainty of roughly +309, . The intro-

duction of the logarithmic profile
O

U=K

log = (2.3)
o

where U, =\’Tu7pa , where T is the surface stress, K is von

Kiarman's constant, and z, is the virtual origin of the logarithmic

profile, and Charnock's (1955) relaiion for z,

(2.4)

where a is a constant and g is the gravitational acceleration,
reduces (2.2) to a relation between B/f and U_/C (Phillips, 1966).

Values for a have most often been suggested between .01 and .035

and in this range, the calculation is not too sensitive to a. Figure |

indicates the theoretical form (2.2) calculated under these assumr ptions

with the value of the constants A, Am, and I used as cited above and

a value of a of .02. Also shown is the collection of experimental

data analyzed by Inoue (1967) and the growth rate proposed in that

study. It is seen that the theory in its unmodified form provides at

least order of magnitude agreement with the available data in the

range of U*/C above .03, but the predicted growth rates are too low

by a factor of 4 at high U*/C and somewhat too high at lower U _/C.

Below U*/C of about .03, the theoretical predictions depart consider-

ably from the data, but it is possible that these data represent

4 . : . . : . . *
conditions in which strong dissipative mechanisms are operating.

»For a detailed account of the criteria employed to determine the
data points shown, see Inoue (1967), p. 20.
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An increase of the factor (Aml‘g) in equation {2.2) by about 4, and a
slight adjustment of Ap will produce essentially the best fit curve of
Inoue above U_/C of .03.

In comparing their experimental results with theory, Snyder
and Cox and Barnett and Wilkerson concluded that though an instability
mechanism was clearly operative, Miles' theory was inadequate, since
its predictions disagreed with the experimentally determined growth
rates both in order of magnitude and in the trend of the data. When
their data are plotted as in Figure 1, however, it can be shown that
most of their data were in a range of U_/C such that the matched layer
was high on the mean wind profile, in a region of relatively low profile
curvature. The consequent energy transfer implied by this mechanism
is small. Indeed, it appears that Phillips' turbulent instability mech-
anism contributes to the growth rate as effectively as Miles' mechanism
at U _/C cf about .06 or above most of the data collected by Snyder-Cocx
and Barnett-Wilkerson. It may be argued that the discrepancy between
theory and observation is due to the assumption of a logarithmic profile.
However, wind tunnel/wave tank studies designed to check Miles'
theory have also found the Miles theory to yield growth rates lower
than observed even when the mean wind profile was suitably represent-
able by the logarithmic form in the region of the matched layer (Shemn-

din and Hsu, 1966). In these studies, thecoretical growth rates three

12

to five times lower than observed were found, confirming the oceanic data.

To complete the formulation of wave growth according to (2.1},
the concept of a fully developed sea is introduced. That is, it is assumed

that if the wind blows uniformly in speed and direction over a sufficiently

A
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large area and for a sufficiently long period of time, the wave spectrum
in the area will attain the fully developed form (of Pierson and Moskowitz,
1964) given as

2
B -ﬁ(wglu)4
e

a
o
So) = —g—

W

(2.5)

- - -3 5. =
where w = 2nf, a = 8.1 x 1007, p=.74 and w, = 3/019.5 where
Ul° 5 is the wind speed as would be measured at 19.5 meters above
sea level, Based on this limiting state, all nonlinear dissipative effects
that would act during wave generation are modelled implicitly by modify-

ing (2.1) according to

gl @@ e

the solution to which for zero initial cunditions can be written

2~-1/2
S t) = A {ﬂ&@%L“__l.} [1 +{A_e’§’.é§‘.h_l} ] 2.7

Inoue (1967) used (2.6) and the representations for A and B

to compute partially developed sea spectral shapes for the special cases
in which the solution to (2.6) can be considered to be independent of
either wind duration or fetch. In the former case, (2.7) can be summed
over all frequencies for varying time to yield the development cf the wave

spectrum as a function of wind duration. In the latter case, the sea is

independent of time and (2.1) becomes

Cgs-a;S(w,x) = A + BS{u, x)

where Cg is group velocity.
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With the transformation t = x/Cg + (2.7) may then be used to
calculate the development of the wave spectrum for varying fetches.

An example of a cornputation of the development of the wave
spectrum fetchwise is shown in Figure 2. The wind was specified

to be 40 knots at 19.5 meters. The quantity B was computed accord-

'ing to the procedure that will be presented in Sectign 3.5, assuming

neutral stability conditions. Also shown in Figure 2 is the fetchwise

variation of significant wave height, §1/3 »

Hl/3 = 2.83JVE

where % is twice the variance of the spectrum. The curve is found to
lie between the empirical relations proposed by Sverdrup-Munk (1947)
and Pierson, Neumann and James (1955).

Inoue (1967) also applied the spectral growth formulation out-
lined above to a2 numerical wave specification cornputer program to
Lindcast wave conditions over the North Atlantic Ocean during December,
1959. The time history of hindcasted significant wave height verified
well with observed data collected at the position of the British weather
ship equipped with a wave recorder. More significant, however, was
the fact that the predicted wave spectrum verified better than any model
previously run, particularly at the more irnportant lower frequencies.

It is apparent from the above that a wave specification model
employing a carefully formulated spectral growth such as the model of
Inoue requires an especially precise meteorclogical input. The Inoue
growth formulation requires estimates of the surface stress and the wind

speed as would be measured at 19.5 meters. Of course, wind direction
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must be specified, inasmuch as the spectral representation in the model

18 two-dimensgional, With regard to wave hindcasting, the computation

of these parameters from routinely avaiiable synoptic ship reports
implies a knowledge of the wind distribution over the sea up to the heights
of the highest anemometers (~40 meters). In the range of wind speeds
of practical significance, surface boundary layer theory would be ex-
pected to be applicable to this specification. Wave forecasting, how-
ever, requires the calculation of these input parameters from routinely
available prognostic fields and implies a knowledge of the wind dis-
tribution in the planetary boundary layer over the sea. An important
part of this study is the application of surface and planetary boundary
layer theory to the marine atmosphere such that the wind distribution

in that atmosphere as required by sophisticated wave specification

models can be obtained in an objective computer-based procedure

from routinely available meteorological sources.

2.2 The effects of atmospheric stability

It is widely held by mariners that for a given anemometer height
wind speed, sea surface waves develop more rapidly and reach greater
heights when the air is colder than the underlying sea surface than
when the reverse is true. The phenomenon, however, has not been
studied extensively from a scientific point of view. Roll (1952) analyzed
data collectedat certain North Atlantic weather ships and found that for
the same measured wind speed, the mean wave height was about 20%
higher during unstable conditions (water ternperature €.7°C above the
air temperature) than during neutral conditions. Fleagle (1956) has

criticized Roll's conclusion on the grounds that the observed relation

i
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between air-sea temperature difference and wave height might be due

to a correlation of fetch with stability rather than stability and wave

gereracion. Recently, a wind tunnel-wave tank experiment was con-
. ducted in whick the growth rates of the wind generated waves were
determined for varying water temperatures (Hidy*). Growth rates '
were found to be higher when the temperature of the water was higher
than that of the air. The experiment wae designed to check Miles!**

viscous theory of wave generation and the effect was attributable to b

the dependence of the molecular viscosity coefficients on temperature.
Fleagle (1956) analyzed wave height and wind speed data at
certain weather ships in a way designed to eliminate possible cor-
relations between fetch and stability., He concluded that significantly
. higher waves are generated in unstable conditions than in stable con-
ditions and that the effect is of practical importance with the extremes

of air-sea temperature differences sometimes encountered in certain

regions of the major oceans.
In light of these results, it seems appropriate to include the

effects of atmospheric stability in a wave specification model. Such

effecta could be included most basically by some modification of the

i three components of the spectral growth formulation: the resonance

» Personal communication.

' ** The theory presented by Miles (1962) appears to explain the

growth of gravity waves whose phase speeds are so low such

{ that their matched layers lie inside the viscous sublayer. These
spectral ccmponents are of little consequence in a practical wave o
specification program since they contribute little to the total wave i
energy present under real conditions and can be assumed to be in ;
equilibrium with the local wind field. o
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growth, the instability growth, and the fully developed spectral form.

Though it is likely to be sensitive to the prevailing atmospheric stability,

little is known about how the atmospheric turbulence pressure spectrum

varies with stability in any quantitative way. Such knowledge must

await careful measurements of the fluctuating pressure field near the

surface such as those carried out by Priestley but over widely varying

stability conditions. However, the relative unimportance of this mech-

anism to energy transier in most cases of practical significance suggests

that the exclusion of a stability dependency from this parameter speci-

fication would not be serious. The sensitivity of the instability theories

of wave generation to the characteristics of the wind profile, and the

success of the application of profile theory to the fully developed spectral 5

form in explaining the discrepancies between various proposed forms. ,

however, do indicate that realistic stability modifications can be made i

to these aspects of the spectral growth, since the shape of the wind

profile in the surface boundary layer is known to depend on stability.
The cffect of atmospheric stability on the generation of free

surface gravity waves by an instability mechanism can be investigated i

by examining the departure from the neutral growth rates shown in

Figure 1 when a stability-dependent non-logarithmic profile is intro-

duced into the theoretical relation (2.2). Since stable conditions pro-

duce more significant deviations from tke purely logarithmic profile

than equivalent unstable conditions, any sensitivity of the growth

rate to stability should be more apparent under stable conditions.

*f quivalent in the sense that the Richardson numbers near the
surface are equal in absolute magnitude.
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Under these conditions, the wind profile in the surface boundary layer
is well represented {except in extreme stability) by the so-called
log +linear relation*
Uy z z

U =7 log;—;+u1—‘ (2.8)
where L is the so-called Lettau-Monin-Obukov stability length
defined as

L= —Y_T—l?—-.U”‘3 KCpPa (2.9)
g -

where Cp is the specific heat of air at constant pressure, H is
the heat flux and -p-a is the mean density of the surface boundary
layer, wherein L is considered to be constant. The substitution of

(2.8) into (2.2) yields

%:2 :’:v CK/{ 1-2( m) (Kln*”‘k__(*‘ 1)> ke g )

s akz -2kzmp
+A I — Ing + g (6 e dp.} (2.10)
bo K2 b

where the substitution p = z/z  has been made and yu =h‘:’/zml
ho marking the lower limit of the fully turbulent flow. The dimension-
less height of the matched layer kzm can be expressed as a function

of the ratio U,/C and the dimensionless stability parameter kL since

U, z az_
C-? 108—+T/ z°<<L (2.11)

%*The ~validity of this form as well a8 the applicability of profile theory
in general over the sea surface is discussed in the next chapter.
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80 that

«z (KC/Ux-azm/L)
m ot

z (2.12)

Through the use of Charnock's relation for z2g (2.12) can be written

ke = a(U*/C)ze(KC/U* -akm /kL) (2.13)

As in the calculation performed for neutral conditions, the lower ex-
tent of the fully turbulent region can be chosen as the height where

U-= IOU* . Then, since

U h

210U, = o A

U—lOU*-K (logzo, h°<<L

we can write
kh
2 4.0 1
Mg = E-z—‘l =a(U/C) e . (2.14)

m m

In general, then, B/f is a function of the ratio U*/C and the di-
mensionless parameter gL/CZ. The sensitivity of (2.2} to stability
wasg determined in the following way. For a chosen value of U_/C and
gL/CZ, the dimensionless matched layer height was calculated by
applying the Newton-Raphson iterative scheme to (2.13). Then, o
wag calculated from (2.14) and (2.10) evaluated numerically, employ-
ing the same values for the constants AP , Am and I used in the
neutral calculation. The significant result of these calculations was
that for typical values of U,/C and gL/C2 , the growth rates for a
given U_/C were ingensitive to the stability parameter, deviations
never exceeding 10% of the neutral growth rates. The reason lies in

the fact that stability affects the wind profile (2.8) only at appreciable

height. With regard to Miles' contribution to _(2.10),stabi1ity does

I
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indeed produce significant departures from the neutral growth rates
but only at relatively low values of U*/C, where the cox;tribution of
the mechanism to the total growth rate is negligible. On the other
hand, contributions to the first integral in (2.1¢), representing
Phillips' contribution, arise mainly from the region of high profile
curvature, just above the lower limit of integration but well below
the matched layer.

The fact that the relation between B/f and U, /C appears to
be a "universal' one, independent of the atmospheric stratification is
not necessarily inconsistent with the studies of Roll and Fleagle cited
above, which imply higher growth rates during unstable rather than
urnder stable conditions, since these studies used as a measurc of the
wind field the wind speed as measured at typical anemometer levels
(20 to 25 meters). To demonstrate this point clearly, consider the
three hypothetical profiles shown in Figure 3. The friction velocity
and the roughness parameter are the same (1’0 =1 dyne/cmz) for all
three profiles but the purely logarithmic profile is valid for neutral
conditions while the other two represent moderate departures from
neutrality (JL| = 3000 cm). Note that the profiles for all three
stability regimes are nearly identical below one meter but that signi-
ficant differences appear at the height at which wind speed is normally
measured. If winds were measured at 20 meters, for example, it
would take a wind of about 24 knots under stable conditions to produce
the effective wave generating ability of a wind speed of only about 19
lknots during neutral conditions and 17 knots under unstable conditions

Conversely, the inclusion of atmospheric stability in the determination
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FIG. 3

Theoretical wind profiles in the marine surface boundary layer for

a surface stress of 1 dyne/cmz and neutral (N), unstable (U), and
stable (S) stratification.
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of friction velocity from measured winds yields higher friction velo-
cities and in general more rapid development of the spectrum on the
whole for unstable conditions than for neutral conditions. |

An important aspect of the spectral growth formulation under
discussion is the fully developed svect:al form. The latter is based
upon wave recorder data analyzed by Moskowitz {1964) and provides a
nested family of curves for the wave spectrum in terms of the 19.5
meter wind speed. The relationship also implies that the significant
wave height fcr fully develcped seas is proportional to the square of
the 19.5 meter wind speed. Serious discrepancies apparently existed
between the Pierson-Mcskowitz spectrum and the theoretical spectrum
proposed by Neumann (1953) upon which the Pierson, Neumann, James
{1955) Jorecasting manual was based. Pierson (1964) showed, however,
that the differences between the two theories largely reflected differ-

ences in the heights of the anemometers used to measure wind speeds

for the data sets that formed the basis of the two proposed spectral forms.

The theory of wave generation suggests that the rate at which
energy is transferred from wind to wave is determined largely by the
properties of the wind field very near the surface. This in turn sug-
gests that the definitive parameter in a fully developed spectral form
should be the wind profile very near the surface and not necessarily
a wind speed at some height high above the surface. With regard to
Figure 3, for example, this implies that all three profiles should pro-
duce the same fully developed sea, although the 19.5 meter wind
speeds vary by 7 knots over the range of stabilities represented.

The fully developed spectral form can then be easily extended

to non-neutral conditions by incorporating into the Pierson-Moskowitz
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spectrum the simple notion of an equivalent wind speed, UE’ where
Up = UE(Um, L)

definea a prucedure which, for a measured wind Um and prevailing
stability, yields the wind speed that would exist at 19.5 meters if the
surface stress were unchanged but the surface boundary layer exhibited
neutral stability. The procedure effectively relates the Pierson-
Moskowitz spectrum to the wind profile and for a given measured wind
speed produces higher fully developed seas for unstable conditions than
for stable conditions.*

The wave data analyzed by Roll and Fleagle in the studies noted
above allow at least a rough test of the proposed stability modifications
to the spectral growth formulation. Before the theoretical predictions
can be compared with the data, however, it is necessary to specify in
defai.l the wind profile representations applicable to the surface boundary
layer over the sea surface. Further, it must be shown how these forms

can be specified in terms of standard ships' weather observations.

%xAn alternative approach would have been to redefine the fully developed
spectral formulation in terms of U, , as had been originally suggested
by Kitaigorodskii (1961). It is shown in Section 3, however, that
(U*/U19.5)2 increases nearly linearly with wind speed in the range
20 to 40 knots. A dimensionally consistent spectral form in terms of
Ux would then imply that the fully developed significant wave height
was proportional to the cube of the wind speed, a result in serious
disagreement with the data of both Neumann and Moskowitz.
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3. Surface Boundary Layer Model

3.1 The profile method

A great deal of progress has been made in recent years in
our understanding of the distribution of wind and temperature in con-
stant flux boundary layers over solid boundaries through the application
of the Monin-Obukov similarity theory. The extent to which the theory
is applicable to the analysis of the flow near the sea surface depends
on the extent to which the concepts developed in the analysis of
neutral boundary layers over solid boundaries can be transferred to
the sea.

The sea surface is basically different from a solid boundary
in that a fluid interface cannot support a stress discontinuity. More
significantly, the fluid interface is characterized by travelling waves,
whose momentum is typically derived from the air flow c2bove the
interface through wave generation mechanisms. Hence, serious ob-
jections have sometimes been raised to the application of medels, such
as the logarithmic profile, to the flow near the sea surface. To
justify the application of profile methods to the flow near the sea sur-
face, it is useful to review first the properties of air flow over solid
boundaries and then examine the nature of the air flow over the sea
surface in the light of the recent developments in wave generation
theory.

Consider the flow over a horizontal plane surface, with the
rmean wind taken to be parallel to the surface with instantaneous wind
components ui(i,j =1,2) and w. The x, axis is in the direction

1

of the mean wind, the z-direction is directed opposite to the direction
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of gravity, and the X, axis ie directed so that a right-handed orthogonal
coordinate system results. The horizontal components of the momentum
equation can be written as

u. du.u. au w

1 8
S+ -5——1 + g = + vl u (3.1)
where v is the kinematic viscosity, and the continuity equation for a
consgtant density fluid
ou

i, ow _
5—;;1"3—2- =0 (3.2)

has been employed.

For turbul:nt flows, the velocity and pressure can be de-
composed into an average value and an instantaneous fluctuation as
u = U +u

i i

w=W+w' (3.3)

o
]

F+p'
Substitution of (3.3) into (3.1) yields

ou,

8U.U,
i, 90V 5 ——_ 19P 2 5 —
3t Tox "—axJT Y'Yy T Ex YV Uitz W) (3.4)

after the average of the resulting equation is taken. Imposing the
restrictions that the mean flow is steady and that all averaged quantities

are functions of z only reduces (3.4) to

9
5= (P v aw )" (3-5)
The quantity -p u,w represents the horizontal components of the

Reynolds stress and equation (3.5) implies that the total stress, T;
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T,:pu,w-p

avu,
—_—1
i i 9z

= constant (3.6)
and hence is equal to the stress at the boundary T, !
An analysis of the typical scales of atmospheric motions
and the magnitudes of the terms in (3.1) indicates that the assumptions
leading to (3.6) are justifiable in the neutral boundary layer near the
& surface to the heights of 20 to 200 meters for typical surface stresses
(1-10 dynes /cmz) {Lumley and Panofsky, 1964). Except very near the
surface where the viscous stress may be appreciable, the surface

i stress is supported entirely by the turbulent Reynolds stress and the

velocity scale, U*, may be defined, which alone characterizes the

flow in the turbulent regions of the neutral surface boundary layer.

This implies (see, e.g., Lumley and Panofsky, 1964) that the mean
wind shear in such a region is logarithmic,

LA (3.7)
but a more complete description of the wind profile requires a con-
sideration of the nature of the lower boundary.

‘ Turbulent flow in the constant stress layer has generally
been described in terms of two limiting cases: aerodynamically
smooth, in which the total stress is supported near the boundary
enitrely by viscosity; and aerodynamically rough, in which case the
viscous stress is considered to be negligible everywhere and the total

e stress is exerted on the boundary through the action of pressure forces

on the roughness elemente. In the former case, the air flow is nearly

* . . .
laminar near the surface and the mear velocity increases linearly

*The region called the viscous s.bliyer.
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from zero at the boundary according to

U,=— (3.8)

The upper limit for the linear profile in smooth flow has been variously

reported as lying at z = lOv/U* (Nikuradse, 1933), 5v/U* (Schlichting,

1951), and 6.6v/U* (Miles, 1957). Above this limit the profile becomes
U

s *
U, =g gz (3.9)

z
o

with the roughness parameter z, given as
z o< v/U* (3.10)

as required by continuity of the profile at the outer edge of the
viscous sublayer. If the flow is aerodynamically rough, (3.9 is
again applicable away from the region of the roughness elements but
in this case z, is proportional to the characteristic height of the
roughness elements and ranges from about .0l cm for sand te several
meters for cities. In the region in which the logarithmic law is valid,
it is possible to determine, in principle, the stress from a knowledge

of z, and a measurement of wind speed since (3.9) can be rewritten

2

T, =pC, U, (3.11)
where C_, the drag coefficient, is
2 2
C,=K / (log z/zo) (3.12)

The instability theories of Miles and Phillips, described
in Section 2, and the viscous wave generation theories of Benjamin
(1959) and Miles (1962) have indicated, as will be shown below, to

what extent the concepts just presenteé can be applied to the flow near

e et
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the sea surface .

In the formulation of the ingtability theories, the air flow
was considered as a shear flow over one component of a wave field
composged of an infinite sum of infinitely long-crested sinusoidal con.-
ponents of infinitesimal amplitude. The horizontal coordinates (xl. xz)
were translated in the direction of wave propagation (and mean wind
direction) with the appropriate phase speed C of the component of fre-
quency w and wave number k and amplitude a. Under these con-

ditions, the free surface can be taken as
¢ = G cosix, (3.13)

and the instantaneous horizontal velocity field decomposed as

u =U; - C+u'+u (3.14)

where u.l, the wave induced perturbation, represents the velocity
fluctuations in fixed phase with respect to the water surface elevation,
u.lI are the random velocity fluctuations of the atmospheric turbulence
and U1 is the mean wind velocity. With a similar decomposition for
vertical velocity and pressure, the mean stress balance over the sea

surface can be shown to be
3
2 isaw-vetl=o (3.15)
dz L 1 1 J

which indicates that the total stress above the water surface is
constant with height and composed of the turbulent Reynolds stress,

the viscous stress, and a wave-induced Reynolds stress

Tw = " p'uilb

The mean flux of momentum to the wave arising from induced pressure
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fluctuations on the surface, Po , is

F, =P_8(/3x (3.16)

and Phillips (1966) showed that -pi.:hf, the wave nluced Reynolds
stress at the level z = 0, was a good approximation to Fw even for
turbulent flows, when the viscosity is neglected.

The first successful analytical expression for the wave-induced
Reynolds stress at the surface was derived by Miles (1957). Stewart
(1961) considered the effects of Miles' mechaniam of wave generation
on the mean wind flow near the surface and speculated that the mean
wind profile near the sea surface should depart significantly from the
logarithmic. The argument was based upon the expectation that T
associated with the dominant wave components in typical wind seas con-
tributed significantly to A (TW/TO 2 0.2). Hence, since the motions
contributing to T, are of a too highly organized nature to be called
turbulence, the friction velocity, U, no longer alone characterizes
the flow and the simple similarity z rgument leading to the logarithmic
profile may not be applied.

Miles (1965) considered the question raised by Stewart from a
slightly different aspect by investigating the reduaction in mean wind
profile curvature and slope owing to momentum transfer from a turbulent
wind to surface waves by the Miles mechanism and concluded that these
effects should be small for typical wind speeds. He also suggested, as
had been done earlier by Neumann (1956}, that the shorter waves were
especially significart in determining the ratio Tw/-ro . Phillips (1966)
strengthened the argument considerably by calculating the magnitude of

-rw/'ro for all wave components for which U_/C < .1 on the basis cf the
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,! combined Miles-Phillips instability mechanisms and conservatively
estimated* the ratio to be less than .1. An immediate consequence is
:I : that in statistically steady and neutral stability conditions, the mean
. wind profile near the sea should be logarithmic.

Before the mean properties in the air flow over the sea can be

v compared to similar flows over solid boundaries, the definition of the

vertical coordinate must be considered. Benjamin (1959) expressed the

mean properties of the wind over the sea in terms of a modified height,

1, above the free surface, where 7 and z are related by

n=z-LG(k, t)e'k"e\m—k *1

i
? (3.17)
| >

'i Benjamin argued that the vertical coordinate must be taken as 7

‘ and that the mean wind profile over the sea surface should be

}

: -— U:’c

: Uﬂ:-i{-—log'n/no (3.18)
i

LR being the roughness length. Benjamin's formulation embodies the
notion that to a first approximation, the surface boundary layer over
the sea is merely bent to follow the larger scale surface undulations,

| for which direct ¢xperimental support is provided by Motzfeid's (1937)
l flow visualization experiments.

Measurements of the wind profile over the sea surface have

generally been taken with probes mounted at fixed heights above mean

sea level. Phillips (1966) showed that very near the surface these profiles

#«The estimate is so conservative that employing the modified Miles-
Phillips growth (figure 1) does not alter the result that Tw/To <.l
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should exhibit deviations from the logarithrnic law but that since the
wave-induced undulations in the boundary layer decrease exponentially
with height, well clear of the surface, the mean properties of the bound-
ary layer determined with measurements from fixed probes shoula be
comparable to those over a solid boundary.

Experimental results tend to confirm these ideas. Careful
measurements of the wind profile over the sea with probes well clear of
the surface in the overwhelming majority of cases indicate a logarith-
mic variation (see e.g., the reviews by D=acon and Webb, 1962; Roll,
1965; and more recent measurements of Paulson, 1968). Takeda (1963)
and Shemdin (1967) measured the profile with fixed probes to very low
levels and observed deviations from the logarithmic law as the surface
wa s approached that might be attributed to the effects of the undulations
in the boundary layer. On the other hand, there have been a few care-
ful measurements of mean wind velocity very near the sea surface with
moving probes which should be expected te approximate the coordinate
n rather than z. Deardorff (1962) showed a single determination of
the mean wind profile with fixed probes at 90, 155, and 275 centi-
meters and a moving probe at 14 centimeters that closely approximated
a logarithmic distribution even though the significant wave height was
25 centimeters. Recently Seesholtz (1968) obtained many wind profiles
in Buzzards Day with a floating array of anemometers at 30, 50, and
70 centimeters combined with similar anemometers mounted at several
fixed heights above the highest wave crests. Under neutral stability
conditions, the profiles were clovely approximated by a logarithmic
distribution down to th: lowest level even when the mean wave height

exceeded 100 centimeters.
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Though the experimental data are generally limited to moderate
wind conditions (< 15 meter/second), the theoretical ¢stimates of the
ratio -rw/-ro do not indicate that it should increase markedly at higher
wind speeds. Disregarding the possibly significant (but impossible to
consider at the current state of the art) effects of wave breaking and
extensive sea spray, the process of wave generation itself, then, does
not seriously affect the nature of the surface boundary layer in that
under neutral and steady conditions a logarithmic shear zone should be
established. However, the existence of surface waves and of wave
generation processes is significant to a description of the whole flow
near the surface inasmuch as they determine the effective roughness

parameter of the sea surface.

3.2 Roughness parameter specification

By analogy to flow over a smooth flat plate, it may be expected
that for the case of very light winds over a flat calm sea, the stress
at the sea surface is supported entirely by viscosity and the flow may
be classified as aerodynamically smooth. Of course, the action of the
wind soon initiates undulations in the interface, but the flow may con-
tinue to be classified as smooth if the unaulaticns remain everywhere
covered by a viscous sublayer which itself undulates to adhere to the
boundary {no form drag) and if the viscous siress cverwhelms the
wave-induced stress at the surface.

Kraus (1967) has considered the nature of the roughness of the
sea surface for aerodynamically smooth flow by noting that for such a
flow regime, the wind profile will be laminar if the Reynolds 1.umber

is emaller than a critical Reynolds number.
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where d is the depth of the viscous sublayer, The depth d is deter-
mined by matching the eddy viscosity distribution in the turbulent re-
gime

Km = KU*z
to the kinematic viscosity v at the height 4 on the assumption that,
on the average, the flow will become viscous as the boundary is ap-

proached at that height. Then,

d=v/KU, (3.19)

and it may be shown by a match of the laminar and logarithmic pro-

files at d that

z, = v/1.09 (3.20)

which is somewhat larger than the relation usually shown to hold in

flow near a smooth wall. Equation (3.19) also implies that the mean
velocity at the top of the viscous layer is U*/K . Kraus further argued
that the flow over the sea surface can be characterized as acrodynamically
smooth until form drag associated with separation of the flow becomes
significant. Boundary layer separation should not be expected until air
parcels in the viscous sublayer are moving fast enough to ove rtake the
roughness obstacles--in this case, the free surface waves. Since tre
minimum free surface wave phase velocity, Cm' is 23 em/sec, and

the average translational speed of the viscous sublayer is U*/ZK,

scparation is not possible when
U,<2KC__ =18 cm/aec
FAl m

which together with (3.20) 2ad (3.9) implies a wind at 10 meter height

of about 6 meters/second.
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The above argument neglects the effects of a pressure field

induced on the sea surface in association with the generation of shorter
wave components (C < Ud) by a generating mechanism other than flow
separation. The instability theories discussed in Section 2 are clearly
unable to explain the amplification of components whose matched
layers lie inside the viscous sublayer, a region of zero profile curva-
ture. The studies of Benjamin (1959) and Miles (1962), however,
showed that the inclusion of viscous effects in their shear flow models
could produce 2 component of induced pressure in phase with the slope
of these components and thus provided a mechanism for producing
wave drag that does not require flow separation. The viscous theorics
of wave generation have been well verified in the wave tank experiments

of Plate et al. (1969) and Hires (1968).

The experimental studies of wiad set-up in a model yacht pond
conducted by Van Dorn (1953} and their interpretation by Murk (195%)
and Miles (1965) esuggest that the total wave supported stress at the
sea surface could easily exceed 259 of the total stress for typical
wind speeds. Since the larger wave components can account for at
mest 109, of the total stress, il appears that the high frequency part
of the spectrum, draining momentum tfrom tiie viscous sublayer, is
responsible for most of the wave drag. For the conditions present
under Hire's (1968) experiment, this was indeed found to be the case. i

Phillips (1966) has in fact employed the term '"acrodynamically rough"

to describe the limiting form that the flow near the sea surface may

achieve as the wind speed increases, the density of short gravity

waves increases, and the momenium flux tc these waves becomes large .
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compared to the molecular viscous stress.

Whether the momentum flux at high wind speeds is due to the
viscous shear flow miechanism or to flow separation, the part of the
wave spectrum invelved will always lie at such high wave numbers
that the spectrum can be expected to be saturated and in equilibrium
with the local wind. An important consequence of rough flow, then, is
that the roughness parameter becomes independent of fetch and viscosity
and is proportional to the root mean square height of those spectral
components whose phase speeds are less than the velocity at the outer
edge of thz viscous sublayer. If the effects of capillary waves are
neglected, and Phillips' (1958) equilibrium range spectral form is
assumed to apply, it can be shown simply that Charncck's relation
{2.4) must apply for aerodynamically rough ilow.

Observational studies of the rougnness parameter have generally
been concerned v.ith the dependency upon wind speed at a certain height
{usually 10 meters) of the drag coefficient referred to that height.

For aerodynamically smooth flow, eq. {3.20) applies and the drag co-
efficient referred to 10 meters, ClO decreases with increasing wind
speed. For aerodynamically rough flow, if (2.4) applies, ClO increases
with wind speed. Many functional forms for ClO versus U10 have
been proposed in the literature, some reflecting each of the above
views and others indicating that C,, is independent of wind speed.

The forms have usually been based upon the investigators own set of
measurements of the wind stress at the sea surface with a particular
method for stress determination, a particular kind of sensor, in
generally limited fetch conditions, and over a narrow range of wind

speeds. The results of most existing studies have been summarized

S—
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in considerable detail in the reviews of Roll (1965), Wilson (1960),

and Wu (1968) and it is unnecessary to repeat the individual results
s here. The collection of Wu is shown in Figure 4 and serves as a use-
; . ful presentation for the purposes of this discussion.
L The data in Figure 4 are the results of 30 field investigations
conducted between 1876 and 1962. The scatter is large and typical of
the scatter usually observed in each individual set of measurements.
Some of the scatter can be attributed te the fact that the surface boundary
layer may not have been in a state of neutral stability. The effect is
especially important at low wind speeds. Also shown in the plot is the

drag coefficient for smooth flow based upon (3.20) and the drag co-

efficient for rough flow based upon Charnock's relation with the constant
. chosen as .035. It is seen that the data at low wind speeds are not P
inconsistent with the concept of aerodynamically smooth flow but that
at wind speeds above about 6 meters/second, the drag coefficient is
significantly higher than predict.d for smooth flow and increases with
wind speed in agreement with the predictions of Charnock's relation.
. Many recent determinations of the drag coefficient over the
sea have employed rapid response anemometers to measure the
Reynolds stress directly. Notable are the measurements of DeLeonibus
(1966), Smith (1966), Weiler and Burling (1967), Hasse (1966}, and
Zubkovski and Kravchenko (1967). The data from these studies are

! generally limited to wind speeds (at 10 meters) between 2 and 12

metere/second and when grouped together show even more scatter

than the data of Figure 4, and one is inclinecd to believe that the eddy

correlation data reflect considerable sampling variability and
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instrumental error.

For the purpose of a wave forecasting analysis model, it is
proposed on the basis of physical reasoning and the limited empirical
evidence noted above that at least for situations in which the high fre-
quency part of the wave spectrum is a reflection of the local wind*,
the roughness parameter can be expressed in terms of physical con-
stants and U, only. _A éimple e#pression for z, covering a wide range
of wind speeds and interpolating between smooth and rough flows is

2
z, = CI/U* +C,U, + C3

vhere Cl’ CZ' and C3 are constants (not dimensionless) to be deter-
mined. The constants were chOsexi so that C10 is a minimum at the

10 meter wihd speed of 6 meters/second under neutral conditions

and so that above this speed the relation is close to Charnock's reiation
with the constant of .035, as suggested by the statistical analysis of

18 sets of data by Kitaigorodskii and Volkov (1965). For U, in cm/sec
and z_ in cm, the resulting expression is |

(o]

5 -2

z, = .684/U, +4.28 x 10° UZ - 4.43x10 | (3.21)

and is shown in Figure 5 expressed as C;, versus Uyg. The drag
coefficient at 20 m/sec is 2.6 x 10'3, in agreemeﬁt with the data
analyses of Wu and Wilson. Further, above 6 m/sec, thc vegion of
_interest to wave forecasting, the relation has a slope close to
Steppard's (1958) relation, which was shown to be the most success-
ful dnrla.g coeffiéient relation in explaining the discrepancies between

different proposed wave height versus wind speed theories (Pierson,

%« A condition common to active wave generating situations.
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1964).

After the above relation had been developed, the author learned
of a series of eddy correlation determinations of the drag coefficient
taken at Argus Island between 1800Z 22 March 1967 and 05152
23 March 1967 (DeLeonibus, personal communication). The result of
five runs in which the stability was near neutral is plotted in Figure 5
(mean and root mean square spread). The wind field during the period
wasg unusually steady with constant wind direction {235°) and wind
speed varying between 9.8 meters/second and 11.2 meters/second
(average = 10.6 meters/second). The agreement between the proposed
relation and the data is encouraging, particularly since the Argus

Island site is representative of open ocean conditions.

3.3 Profile representations

The similarity theory of Monin and Obukov has been quite
successful in providing a framework for the description of the mean
structure of the surface boundary layer over solid boundaries and the
conclusions of the last two sections indicate that it may also be valid
over the sea surface. The theory was, in fact, applied in this study
with this view in mind and with the realization that the few observations
of wind profiles over the se. under non-neutral conditions (Brocks,
1959; Fleagle et al., 1958; Deacon, 1962) showed at least qualitatively
the same effects of stability on the profiles as had been observed over
land. More recent analyses of accurate wind profile measurements
over the sea under noneneutral conditions by Paulson (1967) and Hoerber

{1968) have indeed shown that the theory is applicable.

According to the theory, a universal relation should exist between

41
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the non-dimensionalized wind shear and temperature gradient

_ Kz 35U

0 U~ 5z (3.22)
_ z 38

®, -—*:'b—z' (3.23)

and the dimensionless ratio z/L , where 8 is potential temperature,
T, is a scaling temperature defined as

T = - _.l_._ H
3¢ KU* 2 :p pa
and L is defined by (2.9). It follows frorm the definition of the eddy

viscosity Km and the eddy conductivity K, that the non-dimensional

parameters are related by

where a, = Kh/Km .

The calculation of L from data requires a knowledge of the heat
flux and since this quantity is not easily measured, investigators have
often followed the suggestion of Panofsky (1963) and analyzed wind and
temperature profiles in terms of a modified stability length L' defined as

U*(GU/az)T
t -
L= wgwersa (3.24)
and which can be easily calculated fro* orofile data alone. Since

L' = a, L, the assumption that L' is indepcndent of height implies that

h
ap is constant, a condition usually referred to as similarity of wind
and temperature profiles.

The behavior of ay with stability is currenily a very contro-

versial topic in micrometeorology. There is considerable evidence
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that ay is higher in ungtable conditions than in neutral or stable con-
ditions and functional forms between ¢, ;> and z/L have been pro-
‘ posed for unstable conditions by Businger (1966) and Pandolfo (1966).
. Nevertheless (as shown, for example, by Panofsky's (1965) analysis
of Swinbank's Kerang data), the analysis of profile data from. land sites
with ap assumed constant yields good results when compared to the

,¥ more complicated analysis in terms of L. For wind and temperature

profiles over the sea under unstable conditions, Paulson's {1967) study
demonstrated that the profile representations in terms of L' with a
assumed constant provided as good a description of the observaticns as
7 did representations interms cf L. For stable conditions over land
McVehil (1964) found that profiles may well be represented in terms of
b L' with a, treated as constant up to z/L' near 0.3, and Paulson's

(1967) profile ricasurements within this stability range confirmed this

conclusion.

Since the departure of the surface boundary layer from neutral-
ity over the sea surface is generally smaller than that over land, «specially
at the wind speeds of interest to wave specification, it will be assumed

in this study that wind and temperature profiles are similar,

The
similarity theory then requires :
1
K2 83U _ ' vl
¢ ;
= &3 =-—L——a: 2(L) (3.26)
*

The integration of (3.25) and (3.26) yields the wind and temperature

profile formulas
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- U* 2
U, =2 [m =- 4’"”‘"1 (3.27)
zZ>>z
[}
T
0, -6, = E‘f {:In-;z; -qp(z/L';_! (3.28)

where the relation between 3 and ¢y is

a/L' 1.9 ()
g(z/L = [ —-—E—-‘-l——'-dg (3.29)
O -

To date, no ‘‘univergal function'' between ¢u and z/L!
{or z/L) has been found that describes cbaervations well in the whole
range of stabilities normally encountered in the surface boundary layer.
Monin and Obukhov expanded <pu(z/L) into a Taylor series and since

¢u(o) =1 (neutral conditions) wrote for small z/L (z/L' in our case)

9,= 1 +p'(z/L) (3.30)

The integrated profile stability parameter y corresponding to (3.30)

is simply -p'z/L' and the wind profile may be written

U
ez B2 N
U= [m =t z2>> 3z (3.31)

This form has been found to describe profiles in stable conditions over
land (McVehil, 1964) and over the sea (Paulson, 1967) up to z/L'=0.3
with @' = 7 providing the best fit to the observations. For unstable con-
ditions, however, (3.30) and (3.31) fail at relatively slight instability
and the so-called KEYPS function {Panofsky, 1963) has been found to
apply to a broad range of unstable conditions, from near neutral to

z/L' of about -.5. The relation between ¢ ~and z/L° according to

the KE YPS formulation is implicit in {3.32):

SIS At m it



.3

ot vz P10 (3.32)

with y' = 18 generally providing a good description to land and marine

profiles. The function g implied by (3.32) has been evaluated numeri-

cally and expressed graphically as a function of z/L' by Panofsky (1963).

Alternatively,  may be computed from ¢u directly since (3.2?) can
be transformed into a function of ¢u and the integrand can be expanded

into integrable partial fractions.

Pa
2 2 2 3\ ¢
O = <-1+ - +——Z+——LZ- )dg
‘f TFE 1462 1462 &
which yields after integration

14+¢ 1 /1+cpuz
) =1-¢u- 3 ln¢u+21n<—-z—u/\+2tan ¢u'%+1n\7—; (3.33)
7/

~

3.4 The variation of drag coefficient with stability

The drag coefficient, definel by (3.11) may be expressed as

a function of stability by rearranging and squaring (3.27) to yield

2
U 2
C =—x= K - (3.34)
2 Uz {In z/zo - Y(z/LY]”

Since the effects of stability on distorting the mean wind profile be-
come significant only at appreciable heights, the roughress parameter
specification (3.21) can be employed for any stability, thus allowing
one to use (3.34) to calculate the dependence of the drag coefficient
upon wind speed and stability. The calculation is most easily per-
formed by specifying L' and U_, computing ®, from (3.32) or (3.30),

¥ from (3.33), z, from (3.21), and Cz and Uz from (}.34).
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Figure 6 shows the results of such calculations for the drag
coefficient with respect to 7.5 meters and for two stan.lity cases. The
ungtable case corresponds to a stability length of 6000 cm and the
stable case to a stability length of 2500 cm. The height and stability
parameters were so chosen so that the curves could be compared to
the extensive set of drag co=i{ficient data collected at Argus Island and
reported by DeLeonibus (1966}). The data shown in Figure 7 were de-
termined from direct ineasurements of the turbulent Reynolds stress
and mean wind apeed at the iixed height of 7.5 meters above mean water
lavel. The data were grouped into stable and unstable classges, the
stability being determined thrcugh a calculation of the Richardson

number (referred to 7.5 meters)

from measurements of wind and temperature at 10 and 6 meters.
The stability lengths employed in the determination of the theoretical
curves were calculated from the average Richardson numbers for

the classes from

. Ri
T TC PRI (3.36)
for stable air, and
z l‘ii
T =3 (3.37)
i

for unstable air (Lumnley and Panofsky, 1964).
The drag coefficient data in Figure 7 represent means of

measurements classed by half-meter/second wind speed intervals,
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ard a:e plotted with the root meai. squarc spread and number of obger-
vations indicated. Tho data for stable conditions clearly suggest that
the drag cocfficient decreanes as wind speed increascs to at least

8 meters/sccond wita perhips a ¢light increase thereater. The data

for unstable cordi‘ions also suggest that the drag coelficient decreases
with incrcasing wind speed. This behavior is not as well marked, howe-
ever, and ceases near 6 meters/sccond abave which the drag coefficlient
incrcases sharply with increasing wind spced. The calculated drag
coefficient relations qualitatively predict this kind of behavior and in
fact botweer. 8 and 14 meters/second, the theoretical cuive for unstable
conditions provides nearly the best fit to the data. A quantitative com-
parison at the lower winrd speeds is complicated by the fact that at such
wind speede (and low wind atresses) the surface boundary layer is qaite
shallow, with the 7.5 mieter height pechaps ju a region in which the
stress decrcases with height. The gencreal agrecem-~-t, however, may
be taken as additionul evidence that the scughnesn parameter specifi-
cation propnsed 1! (3.2}) is realistic and that similarity theory can be
applicd successfully to the marinc surface boundary layer.

The dashed line in figure 6 is drawn to indicate how the wind
speed ai which the drag coefficient is a minimum increases with in-
creasing stadility. This wind speed a1 increases with increasing
height and the continuing controversy in the litecature ne to whether
the drag cocfficient increases or decreases with wiid speed may be
at least par.fally due to the f.ct that the variation of C_ with height

and stabilit r was rot properly considered.
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3.5 Application of the surface boundary layer model to ships!'
weather obscrvations

The= analyris of the marine surface boundary layer presented
above implies that with observations of wind and tempe-ature at {wo
heights in the layer near the sea surface {to calculate Ri) one can apply
the similarity theory to the calculation of the wind stress at the sea
surface and to the specification of the wind profile to the heights to which
the theory is applicable. In practice, however, such data are not avail-
able and the best that can be routinely obtained from a ship's weather
observation is a measurement of wind at one level and a measurement
of the air-sea temperature difference, The success with which the
theory can be utilized to provide the metecrological data for wave pre-
diction thus depends on how well one can estimate the stability from
such data, The method developed below for this purpose uses the theo-
retical profile forms and the additional assumption that the sea surface
temperature is a sufficient approximation to 90 . The solution re-
quires the use cof an iterative procedure but this is of little import-
ance within the context of a comput.rized analysis model.

The stability length involves gradients of potential temperaturc
and wind speed. The potential temperature gradient can be expressed
in terms of the air-sea temperature difference (ea - Gs) by the

elimination of T*/uh between (3.28) and (3.26). This yields

30 _ ¢u(za/L‘)' (6, - es)
9z z[ln(za/zo) - w(za/L')]

(3.38)

where z, is the height at which 6, . air potential temperature, is

measured. The substitution of (3.38) and (3.25) into (3.2‘_1) vields

f = sozizo s nirzo—co— -l i T e PP TRt SRR T T E O W - DU S Dy SO S SUr S
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L U, g[ln(za/zo) - ¥(z /L }]
: K%g(0, — 6_)

{3.39)

Equation (3.27) can be rearranged as

KU
U m

*" [Irqz_ /z ) - ;(z /LY] (3.40)
m' "o m
where Zn is the height at which wind speed is measured. Since =z
can be expressed in terms of U, through (3.21), (3.39) and (3.40)
can be solved for the unknowns U, and L!'. The following procedure
converges rapidly and is programmed as PROPAR in Appendix I:
1. Corapute an initial guess of L' from (3.39) assuming
¢=0and U, = .04Um .
2. Use this first estimate of L' to solve (3.40) iteratively,
calculating ¢ from (3,30) or (3.33), to compute U* .
- 3. Use U_ to recompute the stability length from (3.39)
iteratively.
4. Repeat the procedure from step < until
L¥(n)- L'(n- 1) < ¢, where ¢ is some preassigned convergence
criterion.
When convergence has been achieved, U (n- 1) is the appropriate
value for friction velocity and z, from (3.21) is the appropriate rough-
ness length. The output of PROPAR is then U,. L', and z,» which
together define the surface boundary layer wind distribution.
There are surprisingly few data available with which one
can attempt to verify the procedure since experiments designed to

measure the profiles of temperature and wind simultaneously over
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the sea surface in varying stability conditions are difficult to carry
out successfully. Further, in two of the more recent successful -
grams (Paulson, 1967; Hoerber, 1968) sea suriace temperature was
not available. The twenty-nine published wind and temperature profiles
of Fleagle et al, (1958), however, meet the data requirements in that
a wide range of stabilities is represented, wind and air temperature
profiles and sea surface temperature were measured simultaneously
and averages were taken over sufficiently long periods for the quantities
to be representative. The measurements were taken over a salt water
inlet with an over-water fetch of five miles. The curvature of the wind
and temperature showed qualitatively the same variation with stability
that had been demonstrated previously over land but some of the wind
profiles indicated anomalies of 1 or 2 percent of the wind speed. These
anomalies were always associated with readings from anemometers
located on the opposite side of the mast from the others (there were
eight levels in all) and may havc jeen assnciated with mast interference
or horizontal inhomogeneities. These levels were not used in the
following analysis.

To verify the stability parameter determination procedure
proposed above, Richardson numbers were computed from the 29 wind
and temperature profiles by a finite difference analogue of (3.35). The

derivatives were approximated by (Panofsky, 1965)

OF Fpo-Fy

¥z
f\}lez In zz/z1

where 2, and z, are the lower and upper measurement levels for

F (U or 8), ard the derivative applies at the height "\/zlzz_. To
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evaluate 86/8z, the heights z, = 40 cm and z, = 160 cmm were used,

and to evaluate AU/8z, the heights z, = 3] cm and z, = 171 cm were

used, the derivative corrected to 80 cm logarithmically. To com-
pute Ri from single level wind data, the highest level wind obser-
vation (z = 442 cm), and the difference in temperature between the
highest air temperature measurement (320 cm) and the sea surface
temperature were used. Since sea surface temperature was
measured by the bucket method, a correction for the cool skin effect
was determined by extrapolating an observed adiabatic temperature

i profile to the sea surface. The carrection was found to be 0.26°C

which is in good agreement with Saunders' (1967) formulation for
the conditions encountered in the experiment.

The wind profile for the neutral case was used to determine a

i z of 0014 cm, a value that yields a drag coefficient about 20% less

than that predicted by (3.21). Since the experiment was conducted in
a range of wind speeds in which z, changes relatively little with wind
speed, the value of z  was held constant in the computation of L'
' ' from single level data through (3.39) and (3.40). Richardson numbers
were computed from computed L' 's by solving (3.36) and (3.37) for
Ri using z =80 ¢cm, B' =7, and y' = 18.
A comparison between observed (profile) Richardson numbers

and thogse computed by the above iterative scheme is shown in figure 8a.

The agreement is quite good generally, with the scatter increasing
expectedly at greater deviations from neutrality,
The simplest stability parameter that can be computed from

ship data is the so-called bulk Richardson number

e - = e —— = -
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R, = =52 (3.41)

To test its usefulness as a measure of the profile Richardson
number, Rb was computed from the Fleagle et al. (1958) data and
related to the profil: Richardson numbers by a linear least squares
fitting procedure. A scatter diagram between the Richardson
numbers predicted by this procedure, Ris’ and the profile Richard-
sonh numbers is shown in figure 8b. It is seen by comparison with
figure B8a, that this procedure is not as successful as the iterative
procedure as evidenced by the greater correlation coefficient for the
latter. Furthermore, a simple statistical relation between Ry and
Ri should not be as successful over a wider range of wind speeds be-
cuase of the relatively large variations of z, with wind speed above
8 m/sec and below 3 m/sec.

Data on the behavior of the drag coefficient during stable fetch
limited conditions have been rccently obtained on Long Island Sound
by raeans of thrust anemometer measurements of the turbulent Rey-
nolds stresses by Adelfang (1969). The results of that study are shown
in Figure 9, where the drag coefficient is related to the bulk stability
parameter defined exactly as (3.41). The solid curve is an empirical
relation proposed by Adelfang and is based upon a quadratic least
squares fit to the-data. The range of wind speeds was quite small

(6 to 8 meters/sec at 2 meter height), but the difference in tempera-
ture between the sea surface and 3.2 meters varied between 0.8 to
3.8°C, thus allowing the relatively wide range of Ry to be encountered.

To compare the predictions of the similarity theory to Adel-

fang's measurements, (3.39) and (3.40) can be combined to relate
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- [in(z_/z_ ) + 7{z_/L")]
L‘:%.I%..~ a9 a 2 (3.42)
b [ln(zm/zo) + 7(zm/L')]
The drag coefficient can be written for stable conditions
2
Clp === K — (3.43)
[ln‘zw, 7.0) + 7(110, L9]

It is seen that the relation ktetween L' and Rb is not unique
but depends upor z , as does the relation between C10 and L'.
Profile measureraents were not made during the experiment nor were
drag coefficients measured during neutral conditions; hence, data
from which an appropriate Zg could be measured or inferred are not
available, Thercfore relationships between C10 and Rb were com-
puted from (3.42) and (3.43) for several values of z and these are
also indicated in figure 9.

1hough the observations appear to indicate greater effects

of stabiiity thrnn given by (3.43), this may be due to variations in z
between the one near neutral and the other more stable sets of measure-
ments. The mean friction velocities observed for the latter suggest
that z  may indeed have been lower, within the context of the dis-
cussion in Sectior 3.2, Qualitatively, however, the measurements
confirm the marked effects of stable conditions in reducing the drag

coefficiert as predicted by the use of the log-linear model.

3.6 Somne effects of stability on wave generation

The procedure just outlined allows a comparison to be made

between Fleagle's (1956) observaiional study of the dependence of wave

T — S R e A ety e
T — e

st Bt

.
bk



e s e

58 B

generation on stability and the modifications proposed in Section 2.2,

. Figure 10(a) shows the relationship found between air-sea tempera-
ture difference and wave height with observations at ship ""Hotel"
(36°N, 7¢°W), each point representing an average wave height and wind
speed for ten observations in the indicated air-sea temperature range.

The criteria empleyed in the selection of cases by Fleagle were meant

VNV

to irsure that the fetch was approximately equal to the distance of the

ship from shore (270 nautical miles) and cases of reported wind and

wave direction differing by more than 20° were excluded. The same |
kind of analysis was done for 77 cases at ship ''Sierra' {48°N,162°E) i 1
as for '"Hotel" except that smaller differences were observed, cor- |

responding to a smaller range of air-sea temperature differences

observed there.

It is difficult to compare any predictions of wave height in

ship '"Hotel" with Fleagle's data because the obgerved data are visual

estimates of wave height and because of uncertainties in the height at

- which the wind speed was measured. Also, the air-sea temperature

i differences observed at the ship may not be representative of the

I : differences upstream of the ship. They most probably are under- |
i estimates for the cases selected by Fleagle. Furthermore, there is

| no assurance that in the cases selected the waves had actually reached !

full development for the fetch involved; hence, the cases probably

oA

represent a wide range of duration-limited as well as fetch-limited

. states of wave development. For comparison, however, relationships

between wave height and wind speed as would be observed at a fetch of

o————

270 nautical miles were computed for the stability cases analyzed by

l Fleagle. The wave spectrum was assumed to be fully developed for

1
|
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i
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(a) Observed influence of air-sea temperature difference on mean
wave height at ship '"Hotel" from Fleagle (1956). (b) Computed
variation of significant wave height at a fetch of 270 n. mi. with
wind speed and air-sea temperature difference from stability
dependent spectral growth formulation.

B e e e e en e e i



s

60

the fetch involved and the method outlined in Section 2.2 was used to
compute the spectrum and the significant wave height., The wind
specds were assumed to have been measured at 25 meters, the average
anemometer height on U.S. Coast Guard vessels that man the U. S.
ocean stations. The stability was determined by specifying an air-sea
temperature at the middle of the range analyzed by Fleagle and com-
puting L' and U on the basis of the surface boundary layer model.
Referring to (2.7) the quantity B could then be computed from U:, A
from the wind speed at 19.5 meters and the fully developed spectral
energy, Sw, from a wind speed corresponding to an upward extra-
polation to 19.5 meters of a logarithmic profile based upon the com-
puted U, (and hence zo).

The computed relations are shown in figure 10(b). There is
considerable disagreement between the actual magnitudes of the reported
and calculated heights for low wind speeds, and this may be due in large
part to the deficiencies in the method of estimating wave heights from
ships under these conditions. The percentage differences between
stable and unstable computed wave heights, however, are 1 rough
agreement with the data. Also, for both the observed and computed
cases, the variation of wave height with fetch is m. : e nearly linear
than quadratic, reflecting the effect of fetch limitatjon.

It is ..gnificant that at wind speeds below 20 knots, the fetch is
sufficient for the spectrum to attain nearly full development for the
wind speeds regardless of the stability. The observed differences at

these low wind speeds could only be explained, within' the context of

-
<

the Inoue spectral growth formulation, interms of a stability dependent

fully developed sea. At higher wind speeds, the differences reflect
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both this factor as well as the effect of stability on the growth rates.

At high wind speeds, the effect of stability in terms of signi-
ficant wave height is a 20% increase ir. significant wave height for
unstable conditions over stable conditions. In terms of the more
sophisticated applications of wave spectrum predictions, however,
the effects of stability are more pronounced. Referring to Figure 11
which shows the spectra for the same lapse rate conditions of Fleagle's
analysis, with a wind speed at 35 knots, it can be seen that the 20%
ditference in wave height corresponds to a 409 difference in the total
area under the spectrum, a shift ir the spectral peak toward lower
frequencies, and significant differences in the spectral density of com-
ponents at frequencies near and below that of the spectral peak.

As an example of the effects of stability on modifying the vari-
ation at significant wave height with wind speed for fully developed
seas, the surface boundary layer model was employed to calculate
such relationships for air-sea temperature differences of -8¢, 0°,
and +4°C. The results of these computations are shown in figure 12.
Between 20 and 40 knots the significant wave height for the unstable
(stable) case averages about 20 % higher (25% !ower) than for the neutral
case. Stated another way, in terms of air-sea temperature difference,
stable conditions are more thap twice as effective as unstable conditions
in modifying the fully developed spectrum. The differences in the spectra
discussed above for the fetch limited case of course also apply to the
fully developed spectrum.

Indirect evidence of the effects of stability on wave generation

has been provided by recent observations of whitecap coverage by
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Monahan (1969), Observations of the percentage of the sea surface
covered by whitecaps were deterrnined photographically from vessels
on the Great Liakes. The observaticns; shown in figure 13, cover a
fairly wide range of wind speeds and air-sea temperature differences,
though most of the observations, particularly at the lower wind speeds,
represent very stable stratification.

Monahan suggests that the abrupt increase of whitecap coverage
at about 7 m/sec may be evidence for the existence of the legendary
critical wind velocity for air-sea boundary layer processes. He also
notes that for the same wind speed, whitecap coverage is higher for
unstable conditions than for stable conditions. The latter observation
is consistent with the stability modifications proposed in Section 2.2.
Whitecaps are a manifestation of wave breaking, which may be thought

of as a process whereby energy transferred through wave generation

processes to spectral components that are fully developed is made unavail-

able to wave motion. An instability mechanism is responsible for most
of this energy transfer, and it was shown in Section 2.2 that in terms of
the Miles-Phillips instability theories, the transfer is in general higher
for unstable conditions than for stable conditions for a given anemometer
level wind speed. The transfer, however, also depends upon the
spectrum and as such, should be expected to depend sensitively vpon
other factors such as fetch and duration.

To check this model more quantitatively with Monakan's data,
the simple hypothesis is made that the percentage of the sea surface
covered by whitecaps, which is related to the rate of energy dissipation
in a generating wave spectrum, is directly related to the rate of energy

transfer from the air flow to the fully developed spectral components
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through a combined Miles-Phillips type instability mechanism. The

latter is given by the expression

f fo
E, = p,8 j‘ df = p_g f B - S(f, x,t)6 df (3.43)

where § =1, S$S=8_,
6=0, S< St
fg indicates that the integration is to be limited to the gravity wave
frequency domain, and E, has the units energy/area/time.
Observations of fetch, air-sea temperature difference and wind
speed by Monahan for each observation of whitecap coverage, make
poseible an evaluation of equation (3.43) with the assumption that the
wind speed and stability conditions were uniform over the entire fetch
and that the duration was sufficient for the wave spectrum to be fully
developed, for the observed fetch. The anemometer height was taken
to be nominally 40 feet;"l for all observations. The results of these
calculations are shown in Figure 14. The considerable scatter that
remains may be due in part to variability in wind and stability along the
fetch, duration limitations, variability in the anemometer height and,
perhaps, as noted by Monahan, to unknown variations in surface tension
caused by organic films. It can be seen, however, that whitecap cover-
age is considerably better correlated with E, than with wind speed alone,
To demonstrate the effects of fetch and stability on whitecap

coverage, within the context of the proposed model, a linear least squares

fit was employed to relate whitecap coverage to encrgy transfer, E

*The author is indebted to Prof, Monahan for providing this valuable
piece of information.
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Then the spectral growth model was used to calculate the percentage

of the sea surface covered by whitecaps as a function of wind speed

{at 19.5 meters) at a fetch typical of Monahan's observations (25 kmn)

for unstable (6a - B8 = -8°C) and stable 8, - es = 4°C) conditions.

These relations are shown in Figure 15. where they show the significant

effects of stability. It is also important to note in these curves the

abrupt nature of increase in whitecap coverage with wind speed above

a speed which depends on stability. This behavior is not a reflection

of any discontinuity in the drag coefficient and, in fact, would have

been quite evident had zZ, been assumed constant between 2 and 10 m/sec.
Also shown in Figure 15, is a calculated wind speed-whitecap

coverage relation corresponding to neutral conditions and fully ceveloped

seas. This curve lies much closer to Blanchard's (1963) curve

{Figure 14) which is representative of oceanic whitecapping and hence

of characteristically longer fetches than those encountered over the

Great Lakes. Blanchard's data also differ in that they represent

salt water whitecapping. It has been shown {Monahan, 1966) that the

siz¢ spectra of fresh water and salt bubbles produced by the same

mechanical mixing processes are markedly different and that this pro-

duces differences in whitecap stabili ;. The quantity, Et' is more

directly related to wave breaking. Thus if salt water whitecaps were

more persistent than fresh water whitecaps for the same wave break-

ing conditions, whitecap coverage wouid be expected to be greater in

salt water than in fresh water for the same wind stability fetch and

duration conditions. Hence, the quantitative results obtained here should

not be applied to salt water until sufficient ubserv;tione of salt water

whitecapping are obtained and analyzed as above,
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4. The Planetary Boundary Layer Maodel

. 4.1 Review of past research

The past decade has been a period of active research in the
problem of determining the characteristics of the wind distribution in
the planetary boundary layer. This interest stems basically from the
fact that in many areas of meteorology, such as urban air pollution

‘ dynamics, numerical weather prediction, and general circulation

studies, there is being evidenced a need for a better description of i

this region of the atmosphere. Much of the research, however, appears :

to have been inspired by the publication of a paper on the subject by

Lettau (1959). In that paper, Lettau presented an empirical relation

between the geostrophic drag coefficient U_/G, where G is the surface

; geostrophic wind speed, and the go-called surface Rossby number,

G/on where F is the Ccriclis parameter. That such a unique relation-

§ ship should exist in a steady, neutrally stratified boundary layer was

F first proposed by Rossby and Montgomery (1935) and Lettau employed i
aviilable measurements of U#/G (see Figure 16) to show that this

may indeed be the case. Available measurements of another important

characteristic of the planetary boundary layer, the angle between the
surface wind and the surface geostrophic wind, § ., indicate that

this property may also depend systematically on G/on , and more

i recent planetary boundary layer models have produced such expressions
for comparison with data.

Thus far, nearly all attempts at the problem of the approach to

the geostrophic wind have utilized assumptions simplifying the atmo-

spheric boundary layer to a region in which the mean motion is in a
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steady state and is entirely homogeneous and uniform at every level

and ir which the density may be considered independent of height.

The
equations of motion are then written
d d _
(v - Vg) +-d--z-[Kma; (u-~ ug)] =0
4.1)
d d , 1.
-f(u- Ug) +a‘z LKm d—z (V— Vg) : =0

where u,v are the horizontal wind components and u, ,v_are the
9

corresponding geostrophic wind components. The first solutions to

this system were reached independently by Ekman and G.I. Taylor
and applied to the case where K. is independent of height. The

familiar solution to this problem under the boundary conditions

can be written

u = ug(l - e 2% cosaz)

{4.2)

-az .

v =u_(e sinaz)
g

where a =+/F 72Km and the x-axis coincides with the geostrophic

wind direction. The theory predict ‘he commonly observed veering

of the wind vector with height and a suitable choice of K. for a given

situation often allows the theory to fit. observed wind profiles closely
away from the surface boundary layer. The theory breaks down in the
su» . e layer, predicting an unrealistic wind profile as well as a

constant value of b, of 4%¢-° .

The cause of the unrealistic behavior in the surface boundary

layer in the Taylor-Ekman model is the unrealistic assurnption of
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conetant Km there since, according to Prandtl,

K =KU, z (4.3)

near the ground in thermally neutral conditions. Kibel (see Belinski,
1948) was the first to solve (4.1) with the form (4.3) applied through-
out the boundary layer. Ellison (1956) employed the same assumption
but incorporated the effects of ground roughness and showed that the
wind profile approached a logarithmic form as the surface was ap-
proached. The predictions of the behavior % U,/G and §_, however,
verified poorly with available observations, the discrepancies no
doubt due to the fact that (4.3) is valid only in the lower 20-200 meters
or so and leads to unrealistically high values of K. when extrapolated
to the upper part of the boundary layer.

Kohler (see Sutton, 1953) presented a solution to (4.1)

based on the assumption of a power law distribution for Km of the form
K _ =Kz 0<m«cl

where K1 is the value of Km at z = 1. The solution indicates that

near the ground

v-U ™
1
and
, _ 1l-m
vo'ZlZ-mi“

where Ul depends on F, m, Kl ., and G. Since the eddy viscosity is
known to increase more rapidly with height in unstable conditions than
in stable conditions, Kohler's analysis indicated how b, might vary
with stability. The analysis was successful in demonstrating many

features of the wind structure in the boundary layer but it is difficult
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to apply in any quantitative sense. There is no way to take into account
the effect of ground roughness since I(1 and m must be chosen on the
basis observations to fit the profile of Km in the entire boundary
layer. Also, the profile laws for the lower part of the boundary layer
do not agree with the similarity forms presented in Section 3. 3.

The failure of any model utilizing a single analytical expression
for Km led several workers to develop models based on two-layer
representations for Km' Indeed, the two-layer model of Rossby and
Montgomery (1935) represented a landmark in boundary layer research
and was the first study to demonstrate the importance cf the non-
dimensional number G/on . The model divided the boundary layer into
a lower layer in which the stress was considered constant and in which
Km was specified according to Prandtl and an upper layer in which
Km decreased with height. The predicted relations between U*/G.

o and Ro , however, are not in good agreement with observations.

Yudin and Shvetz (see Belinski, 1948) combined a Prandtl surface
layer with an Ekman upper layer. Estoque (1959) combined a Prandtl
surface layer with an upper layer in which the eddy viscosity gradually
decreases and solved the system of equations numerically. Both models
are of academic interest only, however, since in each case the height
of the surface layer was arbitrarily specifiad.

Blackadar's (1965a) model utilizes a structure similar to that
of Yudin and Shvetz but specifies the height of the surface layer ex-
plicitly in terms of external parameters. In particular, a dimensional
argument is applied and a simple form for the height of the surface

layer n is postulated as

. e v =3

= Lo R T Y ETY N et 10 i )
D TR ey e Ry It SRS T CVU L e i o aw —we e e

o




= == 2 = —= T T T ———— T T

h = B G/F (4.4)

where Bo is a dimensionless constant. Since the model employs an
Ekman type upper layer, the value of K, at the internal boundary and
above is

K =KUG/F (4.5)
The solution in the upper layer can be written

W = whe-a(z-h) e--ia.(z-h) (4.6)

where W = (u- ug) + i(v - vg) and Wh is the value of W at z = h,
The solution is determined by applying the outer boundary
conditions
u=0 z =z

u=u 2 —~®

g

and the conditions that at h, continuity of wind, wind shear and stress
is required. The solutions for U_/G and ¥oo which together with z
completely define the surface boundary layer wind distribution in

neutral conditions, are given as

3
U,/G=,/2KB_sin Y

U,/G = KNZsin(r/4 - $,)InB R

where R = G/Fz_, which indicates that U, /G and §, are uniquely
related to R . Blackadar chose a value for B of 3.6 x 10% as
providing the best fit to observations and the predicted relation between
U*/G and R is indicated in Figure 16.

It was noted by Lettau (1962) that none of the approaches which

explicitly specify the distribution of «ddy viscosity can meet with complete

5
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success since the eddy viscosity can be defined as a product of a length

and a velocity as

K =4°v =L rlp (+.7)
where T is in general a function of height. Only the length term can
be expected to be an explicit function of height. The velocity term
depends on the shear stress distribution which in turn depends on the
solution of the differential equation governing the problem. Thus the
problem is essentially nonlinear and Lettau uses a numerical approach
to solve the nonlinear system of equations that results from the use
of (4.7). The mixing length specification chosen was

kz/X
(1 + 4z/X) 4

L/X =
where X is a scaling height. With the additional assumption that the
level of maximum eddy viscosity and maximum cross isobar flow
occur at .5X, a non-dimensionalized form of (4.1) is solved by numeri-
cal integration. The hodograph of the solution is again a spiral much
like the Ekman model, but the wind profile approaches a logarithmic
form close to the surface. The characteristics of the solution are
found to be dependent upon R with the predicted relation for U*/G
indicated in Figure l6.

Nearly concurrently with the publication of Lettau's model,
Blackadar (1962) introduced a boundary layer model based on the
implicit specification of the eddy viscosity. The model differs basically

in the specification of the mixing length. Blackadar chooses the form

L =Kz/(1 + Kz/))

gt ok e e R T I
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where ) is the value of £ in the free atmosphere and was related to

the external parameters G and F through
A = .00027G/F (4.8)

the constant chosen so that the predictions of the model fit well with
some careful observations of ) at Brookhaven. In a later version
(Blackadar, 1965b) the mixing length was specified according to
{4.8) but with
3 = .0063 U*/F

The resulting solution differs little from the earlier model and the
predicted relation between U /G and R is also shown in Figure 16.

Yet a fourth solution employing the mixing length approach has
been offered by Appleby and Ohmstede {1966). Their expression for

the mixing length is derived from the differential equation

as
= K-t/L, (4.9)

which embodies the notion that the mixing length increases with height
at a rate given by von Karman's constant but that there is a direct

linear feedback that prevents unbounded growth. The solution to (4.9) is

-z/Lg,
L= Zo(l - e )

where L0 = LO/K v oAy representing the limiting value of £. The
length £ was specified to be 32 meters on the basis of the Leipzig
wind profile (Lettau, 1950). The predictions of this model lie between
those of the numerical solutions of Lettau and Blackadar.

It can be seen by referring to Figure 16 that all the recent

solutions are very similar and that it is possible, on the basis of
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available observations, to determine which of the models is more cor-
rect. The solutions are especially similar over the range of Rossby
numbers characteristic of the marine boundary layer (R0 ~108 - 1011).
The same conclusions could be drawn from a comparison of the pre-

dicted relationship between

by, and RO and available data. Apparently,

only very accurate determinations of U_, G, and z,bo under neutral
conditions and over a wide range of Rossby numbers will be able tc
distinguish between the several approaches. It is also required of
such measurements that a steady state regime be established. Such a
regime is rare over land because of inertial oscillations in the boundary
layer wind field set up by the normal diurnal range of stability. The
diurnal variation of stability over the oceans is much smaller and a
quasi-steady state regime is more likely to be establ. shed, but there
are many practical difficulties involved in making accurate measure-
ments of the wind profile in the entire planetary boundary layer there
and the range of Rossby numbers encountered there is also relatively
small,

None of the models discussed above can be directly ?pplied
to the marine boundary layer since each considers the roughness
parameter as an external parameter,. Over the oceans, this parameter
is a characteristic of the flow and as such, is a quantity to be pre-
dicted by the model. Aside from this complexity, little work has been
done on generalizing boundary layer models by relaxing the assumptions
usually made. The effects of baroclinicity can be taken into account
relatively simply but it is not clear how the importan. effects of a non-

neutral stratification may be included. The mixing length approach
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may be irrelevant during unstable conditions since it ig known that in
those conditions convection is 2 much more effective momentum
trangporting mechaniam than transport by turbulent eddies.

Blackadar and Ching (1965) extended Blackadar's numerical
model to unstable conditions by modifying the eddy viscosity formu-
lation for unstable conditions and obtained qualitative agreement with
obgervation of the behavior of U*/G with stability. The solution, how-
ever, requires a time-consuming and de’icate numerical integration of
the equations of motion and turthermore cannot be applied to stable
conditions. The success of Blackadar's two-layer mndel in predict-
ing the essential characteristics of the neutral surface boundary layer
and its relative ease of application when compared to the numerical

solutions recommends its extension to the non-neutral marine bound-

ary layer.

4,2 Extension of Blackadar's two-layer model

The two-layer approach to the modelling of the eddy viscosity
distribution in the neutral planetary boundary layer can be generalized
to model in a simple way the effects of non-neutral stratification.
Realistic profiles for Km can be specified in the constant stress layer
by employing forma consistent with the similarity prefiles presented
in Section 3. At the same time, within tne context of the two-layer
modelling, the eddy viscosity distribution would also be affected above
the surface, with higher (lower) values specified for unstable (stable)
conditions than would be specified with neutral conditions, all other
things being equal. This again is realistic and in agreement with the

few available determinations of Km above the surface boundary layer.
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In the constant stress layer, the eddy viscosgity can be written

2

U,

‘Km = 3ti/9z

and can be expressed in terms of the non-dimensionalized wind shear

as
' -1
K, = KU,2( (/L))

Within the context of Blackadar's two-layer model, the value

of Km at and above the internal boundary h is

— ! ‘1
K, = KU,B G(F¢ (h/L"))

and the pararneter a takes the value

a=F[o (n/L')/2KU,B G (4.10)

The wind profile in the constant stress layer is given by

(3.27) from which the wind speed at the level h can be written

U, - (U, /K) [In B R - »(h/L")] (4.11)

The internal boundary conditions are fitted by referring to

the diagram which applies at the level h and
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which follows from the fact that W /3z always makes an angle of 3n/4
tu W and that 3U/3z is parallel to U in the constant stress layer.
From the law of sines the following two relations are obtained (satisfy-

ing the directional aspects of the continuity conditions):

YU

el :ﬂ sin(r/4 - ‘po) (4.12)
N .

= * NZ siny (4.13)

The requirement of continuity of wind shear at h is then
satisfied by differentiating (4.6) and equating it to the wind shear at

h in the surface boundary layer. The condition is written
— t
w, = FU*¢u(h/L/\fZBOGa (4.14)

When G, F (and hence h) and z, are regarded a2s assign-
able parameters, (4.10) through (4.14) are five equations in as many

unknowns and can be reduced to

Ur{: ! . & '
Yol =,J2KBO sin ¢o¢u(h/L)

bt

5 = KNZ sin(r/4 - 3 )/InB R - (/L]
which can be solved simultaneously for U*/G and Yo from the e»ternail
parameters G, f, L and L'. The solution depends upon the dimension-
less parameters R and a dimensionless stability parameter

L= BOG/FL‘
which represents the ratio of the mixed layer h to the stability length

and is approximately the result obtained in the numerical model of

Blackadar and Ching (1965).
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The basic characteristics of the dependence of U,/G and b
. are shown in Figures 17 and 18. It is seen that at all Rossby numbers,
! . the model predicts U*/G to increase with decreasing stability though
. the effect in terms at L, is more pronounced at lower Ro . The cross
isobar angle decreases with decreasing stability. In general, stable

conditions have a more pronounced effect on the surface layer wind

characteristics than unstable conditions.

The characteristics predicted by the model are in qualitative

agreement with observations. For example, in a statistical study of
frictional veering in the planetary boundary layer, Mendenhall (1967)
concluded that veering is decreased slightly in steep lapse rate con-

ditions cver a mean neutral value of about 20° over land and 10" over

]
‘: . the oceans, but that veering increases greatly in inversion conditions
1

characteristic of nighttime conditions over land.

It is more difficult to establish through observation the be-

havior of the geostrophic drag coefficient with stability. Lettau {1959)

has collected data on the ratio of U*/G to its value in neutral con- ’
ditions, say C_, at O'Neill, Nebraska, 1953, and the data are plotted

in Figure 19, where the points represent class means of direct measure-
ments of surface stress and wind profile data. For comparison, the
theoretical curve is drawn for typical conditions G = 10 m/sec,
F=10%sec’!, and z, =1 cm, correspondingto R = 107, Lettaa

used as a stability parameter the Richardson number at 1 meter. We

1
may relate L_ to this quantity since at 1 meter the approximation f {, s
Ri = z/L! 1
]
{

° is quite good. Hence, for the stated conditions,

L,=30Ri l
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The agreement for stable conditions is remarkable and quite
good for unstable conditions unless one accepts Lettau's interpretation
of the data that the drag coefficient at first increases for unstable con-
ditions but decreases at further instability. Neither was this behavior
predict ed by the model of Blackadar and Ching (1965). Further evidence
that the geostrophic drag coefficient does not respond to thermal in-
stability in this manner may be inferred from the measurements of
Clarke (Priestley, 1967). Clarke accumulated data at Hay, Australia,
on the dependence of the ratio

Ys/Vs00
where VSOO is the 500 meter wind specd, on the stability factor

' B0
where A506 is the potential temperature difference over the 50 millibar
layer with base at 1 meter. The measurements were presented, as in
Figure 20, normalized by a geostrophic drag coefficient as derived from
Lettau's empirical expression. Since 500 meters is likely to be below
the geostrophic level, even if appropriate, the normalization factor
would yield drag coefficient ratios higher than expected for Cr . Baro-
clinicity would also affect the measurements, and in fact, a curve drawn
through Clarke's data tends to cross neutral stability near 1.3. We
may infer, then, that the geostrophic drag coefficient increases by
roughly 309, in unstable ccnditions with no marked tendency to decrease
at great instability, and decreased by roughly 709, in stable conditions,
in good agreement with the predictions of the model except during the

most stable conditicns., These conditions are iikely to be associated

n L

ol B 4

[P e ——




87

"A3111q®18 NG SNSIIA ‘SUOIIIPUOD [BIIN3U J0J anTea [edistdwa
8,ne}397] Aq pazI1feurIou Juald1yj20> Jeap I3)2W 00§ Y) O S5JUSUILINSLIW §,3IB[D

oc 914
(295 / w/ 930 Voo~o>\ e %°v
o 0 o~
T _ o
. [ J
w R 3
w b e o °
- [ J [}
[ J
[ J
: y ¢ 'y IF.O
o [ ]
[ ]
e
[ J
i L o)
¥ -
] .
| .
_ ‘
. p & ... PY ® [ ]
" P ® .. [ ] ° In.-
o ® *
N e e * o’ ¢ L4
® .’.. °
i ¢ hd
[ )
!
0oe




-

“»

88

with inertial effects such as the low level jet, a common occurrence
over land in clear skies and a phenomenon unpredictable by steady
state models.

The diabatic model can be extended to the flow over the sea sur-
face by regarding z, asan unknown and adding the specificatior (3.21)
to the system of equations. Blackadar has included the effects of
baroclinicity by assuming that the geostrophic wind is a linear function
of height, We may fit the internal boundary conditions to the non-neutral
boundary layer model with an internally prescribed roughness in
essentially the same way by introducing the following parameter, de- 1

fined at h in the surface layer:

u B G
h N o .
F = mu7sa), . ——57—!7}-% T (lnB_R_ - ¢(h/L")] (4.15)

The requirement of continuity of wind shear can be written

/3G , aW\
Uy, = P(sz*'ﬁ/;‘

the geometrical implications of which are shown in the diagram that

applies at h:
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By the differentiation of (4.6) one can write at h

aw| _
-g;h-'ﬂalwhl
‘ . so that one can write
Ly faw| _
P -7h--\fZP'IWhI

where P' is a dimensionless parameter.

.~ BG \/qa_u(h/L') .
P' = FRITTV IR B.C [InB_R_ - p(t.'L] (4.16)

If the thermal wind vector is replaced by its dimensionless

magnitude
_1]eg
T F|3z
and the parameter
r' = rBo(ln B R, - Yv(h/L")] (4.17)
; is introduced, one can write
; ac | _ .
‘, P 5-2— =r'G

From the law of cosines applied to each of the two smaller

triangles in the diagram that has M on one side, one can write

s“ = G (4.18)

where
szz(l +2P'+2P‘2) (4.19)

and

v
2 . _ . .
v o B S R e v e e s - A
—n A s A o e i e o e ca e b et mnt 2N e e & e d PR pows
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qz = (1 + r'? . 2p! cosn) (4.20) '

From the law of sines is obtained

sina = P!/s ’ (4.21)

siny = r! sinn/q (4.22)

From the larger triangle in the diagram is obtained the

following relations:

U, = lwhl sin(a + y)/siny, (4.23) !

2 _ .2 2 :
: U~ =G+ |wh| - 2G |wh| cos{a + y) (4.24)
|w % U2+ G- 2U.G cosd 4,25
h' = Uy - 2UyG cosy, (4.25)

Since we are interested mainly in the surface boundary layer

wind characteristics we can form the following two equations from

i —gm—— o — S AP 1 b

(4.11), (4.21), (4.22), (4.23), (4.24), and (4.25): -’

. sin(a + '
} tanwo = Wa——_-jc—o—s—(g);v (4.26) .

[KGaq sinfa + y)/s sin¢)°]

[In BR_ - Yh/LY)

. (4.27)

If we add to these equations (3.21) and (3.39), there is obtained a

system of equations that may be solved for U, and xbo from the input
parameters: G, F, (Oa-— BS), |3Vg/8z] ,» and 5, all of which can be

easily calculated from a knowledge of sea level pressure, air temper-

a ature, sea surface temperature, and latitude.

1
After considerable experimentation, the iterative procedure a )

adopted to solve this highly implicit set of equations was as follows:
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1. Set r'=n=0, L'= o and adopt a trial value for
U,= U*(n) y n =1,

2. Compute z , L', P, A. P', r', 8, q, o, v, $y and
U,n + 1) using (3.21), (3.39), (4.15), (4.10), (4.16),
(4.17), (4.19), (4 20), (4.21), (4.22), (4.26), and (4.27)
respectively,

3. Set U_(n) = U, + 1) and repeat the procedure until

U*(n) - U*(n sl)<e
where ¢ is some preassigned convergence criterion.

4. Set r'and q to their actual values and using the last

computed U, repeat Z and 3.

Basically, the above procedure solves a problem encountered
in the convergence of the baroclinic golution by suitably restricting U*
and d)o through solution of the barotropic case. The procedure as pro-
grammed in Appendix II is free of computational instability and con-
verges rapidly for all reasonable choices of U_(1}. From the finally
computed U, and the corresponding values of z  and L', the entire

surface boundary layer profile is specified below the level h,

4.3 Some characteristics of the marine surface boundary layer

It is difficult to establish, through obgervation the success with
which the planetary boundary layer model presented in Section 4.2
specifies the surface boundary layer wind distribution over the rea sur-
face from the large-scale synoptic parameters. The problem, however,

has been of sufficient practical importance in that there is some obser-

vational evidence against which the model can be compared. In particular,
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the ratio of the anemometer level wind speed to the geostrophic wind
speed (geostrophic wind ratio) and the angle between the surface wins
direction and the surface isnbaric orientation (inflow angle) over the
ocean have been topice of corcern to meteorologists and oceanographers
for several generations.

There have been numerous attempts via the statistical analysis
of a large number of observations to determine the geostrophic wind
ratio over the oceans since Shaw emyployed climatological means to
specify the ratio for the Britieh Isles, including the North Sea. For
the latter location Shaw proposed that the ratio varies from 65% for
light winds to 58% for strong winds (Lettau, 1659). Though the clima-
tological means no doubt incorporated situations in which the planetary
boundary layer wind was non-steady and affected by non-neutral stratifi-
cation, those effects would tend to average out for the North Sea so that
the ratios are probably representative of steady neatral conditions.

Several investigators have deliberately attempted to exclude the
effects of a non-steady pressure pattern in the determination at the
geostrophic wind ratio, Bleeker (Bijvoet, 1957) determined the geo-
strophic wind ratio for cases of quasi-stationary pressure patterns
with straight isobars at the position of a North Sea light vessel. The
relation found between the geostrophic wind speed and the air-sea
temperature difference represents an average aver all observed wind
speeds and is shown in Figure 2la. Johnson (1954) studied the ratio of
the anemormeter level wind at certain North Atlantic weather shipse tc
the gradient wind for cases of gtationary wind conditione during 1952.

He concluded that the gradient wind ratio varied with both wind speed

92
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and air-sea temperature difference. Excerpts for two wind spe.  irom
Johnson's general relation are shown in Figure 21A. Also shown is a
relation published in the U.S. Navy Hydrographic Office '"Techniques

for Forecasting Wind, Waves and Swell" (H. O. Pub. No. 604) which is
again a relation averaged over all wind speeds.

All of the above relations indicate a linear variation with re-
markably similar slopes. The scatter of the data from which the re-
lations were derivea was probably considerable and the linearity perhaps
reflects this fact. The relations of Johnson straddle the averaged re-
lations and agree at neutral conditions with the ratios of Shaw.

For comparison, the planetary boundary layer model was employed
to generate relationships between the ratio of the 20 meter wind to geo-
strophic wind and air-sea temperature difference for two wind speeds
and fo- mid-latitudea. The relationships shown in Figure 21b are
distinctly nonlinear, reflecting the fact that in the model, unstable cor-
ditions are less effective in altering the geostrophic wind ratio than are
stable conditions. The model predicts the geoatrophic wind radio to
decrease with increasing wind speed at all stabilities and except for the
nonlinearity, agrees with the observed relationships within the un-
certainties introduced solely by the differences in the levels at which
the surface wind was measured.

Investigators have only rarely recognized the significance of
baroclinicity in the boundary layer and though the statistical relations
may effectively reflect stationary wind conditions, they may include the
effects of baroclinicity. To demonstrate the effects of baroclinicity upon
the geostrophic wind ratio, the 30 knot relationship was recomputed for

the case r = 45, n = 45°, which correspoads to 2 horizonial temperature
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gradient of 1.3°C/100 kilometers oriented such that cold advection
prevails, and the 60 knot case has been recomputed for the same
thermal gradient but with the gradient oriented (n = 225°) such that
warm advection prevails. It is seen in Figure 21b that the effects of
baroclinicity iicrease as stability decreases and that cold advection
increases the ratio while warm advection decreases it., The temperature
gradient chosen is somewhat greater than average but less than that com-
monly found in frontal zones so that the effect is significant for neutral
or unstable conditions. Also, since baroclinicity affects the solution

through the dimensionless parameter

r '—';%;'Vth

even small horizontal temperature gradients become significant at lower
latitudes.

It is interesting to note that over the oceans baroclinicity and
stability are highly correlated, such that unstable conditions are associ-
ated with cold advection and vice versa®. The effect of this association
on the barotropic relationships in Figure 2la would be to raise the
geostrophic wind ratio increasingly with decreasing stability ane effective-
ly "straighten out'' the relationship. We may speculate then that the
statistical relationships have a built-in correction for the average cor-
relation between stability and baroclinicity.

The influence of baroclinicity and stability on the directional

characteristics of the wind in the planetary boundary layer has been

*Intuitively, one expects this but statistical evidence supporting this
statement may be taken from Mendenhall's (1967) analysis of average
lapse rates in the layer surface-950 mb at Ship N. The results
showed that the smallest lapse rates occur with southerly winds and
the largest with northerly winds.
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studied by Mendenhall (196 7). He concluded that over the mid-latitude
oceans, the diurnal variation of frictional veering of the wind with height
was negligible, but that lapse rate and baroclinicity were important.
Their combined effects at Ship N are shown in Figure 22a which

shows the averaged observed veering of the layer 1000-900 mb as a
function of the geostrophic veering in the lowest 1000 meters (computed
on the basis of surface layer horizontal temperature gradient assumed
constant throughout the lower 1000 meters) and the mean iapse rate

in the layer surface-900 mb.

For comparison, Figure 22b shows the predictions of the model

4 P

for the case F = 10 ', G = 40 knots, The degree of geostrophic veering

was gpecified by orienting the temperature gradient along the surface L

geostrophic wind direction and varying its sign and magnitude. Average
observed veering was computed as the angular difference between the
surface wind direction and the geostrophic wind direction at 1000 meters.
The agreement with Mendenhall's data is qualitatively good and suggests
that baroclinicity is more sigunificant than stability in determining the
directional nature of the planetary boundary layer wind distribution.
Both Figures 22a and 22b indicate that in situations of strong cold
advection, particularly when accompanied by unstable stratificatior,

the actual wind may, in fact, back (negatively veer) with height. This
supports also the results of Sheppard, Charnock and Francis (1952)

who studied the variation of wind with height in the first few hundred
meters over the Northeast Atlantic during ten winter days of westerly
wind. They showed that on over 30% of the cases analyzed, the 300

meter wind was backed on the surface wind and these cases corresponded

.
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to situations when the thermal wind was backed appreciably upon the
actual wind.

I We may infer from these limited comparisons that the simple

! boundary layer model derived above provides a reasonable framework
for the specification of the surface boundary layer parameters required
for wave forecasting from the routinely available larger-scale synoptic
parameters. It appears capable of isolating the influences of wind
speed, latitude, stability, and baroclinicity on the surface hourdary

layer with more success than has been possible through purely

statistical approaches.
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5. A Wind Specification Program

. i 5.1 Introduction

This section describes how the surface and planetary bound-

ary layer models presented above may be applied, in an objective com-
puterized format to the specification of the wind distribution over the
North Pacific Ocean as required for the calculation of a wave spectrum
climatology. Such a task requires the analysis of one year's ship data
and the calculation of wave hindcasts with the Inoue (1967) spectral growth
model and & wave propagation system such as that proposed by Baer (1967).
The analysis scheme presented here is a2 generalization of an

earlier wind analysis program which was used to generate a wave

R spectrum climatology for the North Atlantic Ocean (Bunting, 1966). The
new scheme provides the three numbers directly required in the wave

. growth calculation: 19.5 meter wind speed, surface layer wind direction,

and friction velocity. The analyses are generated at six-hour intervals

on a grid mesh corresponding to the JNWP grid (Cressman, 1959) but

with the grid spacing halved and the grid boundaries extended to the

equator. The procedure is directly extendable to global oceanic analy-

sis. Further, an abbreviated form of the analysis program provides

the necessary meteorological input for a true wave forecasting procedure.
Aside from being able to satisfy the meteorological r_equi_réments

of present and possibly even more complex future wave prediction models,

the new analysis technique eliminates some of the deficiencies of the

earlier scheme. In particular, the technique features an improved

. specification of the wind field at low latitudes, a more accurate standardi-
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zation of wind measurements to 19.5 meters, and a new treatment of

Beaufort estimates of the wind speed.

5.2 Obiective analysis approach

The use of profile theory as formulated in Section 3 ailows
one to apply standard objective analysis techniques to ship observations
of wind and air-sea temperature differences to obtain, effectively, an
objective analysis of the wind distribution in the marine surface boundary
layerx.

Many types of objective analysis schemes have been proposed but
the one most widely used is the so-called successive approximation
technique (SAT) developed at the Joint Numerical Weather Prediction
Center and described by Cressman (1959). The technique was applied
to the analysis of wind over oceanic regions by Thomasell and Welsh
{1962), who later proposed and applied a technique known as the con-
ditional relaxation analysis method (CRAM}. It has been shown that
SAT and CRAM can produce nearly equivalent results with the same
set of observations, but that CRAM is more efficient, particularly over
sparse data regions (Harris, Thomasell and Welsh, 1966).

The basic aim of objective analysis is to produce a consistent
and organized field of a physical parameter on a regularly spaced
grid system from a set of irregularly spaced data. In CRAM this is
accomplished by requiring that grid point (i, j} values of the analysis

parameter, say Q(i, j), satisfy Poisson's equation

Vi) - F(i, j) (5.1)

where Vl is the twoedimensional finite difference Laplacian operator,

subject to the constraints of the observations acting as internal boundary
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points and a set of perimeter boundary points. The forcing function
F(i. j) defines the shape of the Q field and may be computed from son:e

initial guess field of the parameter, Qg(i,j) as

Fii.j) = §Qy 0 3)

The initial guess field determines the values of Q along the
boundary of the grid system and may also be employed to translate ob-
servations to grid points prior to CRAM. If the grid spacing is small
enough, this may be done accurately by interpolating the initial guess
field to the position of the observation through curvilinear surface fit-
ting to the four grid points surrounding the observation and translating
the difference between the observed and interpolated values to the near-
est grid point, thereby creating an internal boundary point.

After all observations have been translated to grid points,
equation (5.1) is solved by a relaxation procedure. The small-scale
noise in the resulting analysis due to fitting erroneous or unrepresenta-

tive data can be partially eliminated by applying a smoothing operator

as (Shuman, 1957)

Q(i, j) =Q(1'1%I§Q(1-11 (5.2)
where b is a parameter controlling the degree of smoothing, and
Qi) = 2lQG + L3) + QG- LJ) + QG §#1) + QG- 1))

In this study, CRAM ig applied te tha analysis of the wind dis-
tribution in the surface layer through the analysis of the meridional
and zonal components and the 19.5 meter wind separately. These

analyses combined with an analysis of the air-sea temperature difference
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fully define the wind field in the surface layer.

The standardization of the initial guess wind field to 19.5 meters

is easily accomplished by applying the planetary boundary layer model
to objectively analyzed fields of sea level pressure and temperature.
The standardization of ship reports of wind speed, however, requires

that each report be treated in a way consistent with the way in which the

Lt T WUl Rl LA S

observation was made.

5.3 Treatment of ship reports

Wind observations at sea consist of either measurements from
some kind of anemometer or estimates derived from observations of the
Beaufort force. Both types of observations are subject to a gross error
inherent in the method, the Beaufort estimates most commonly because
. of the taking of observations by inexperienced personnel and the ane-
mometer measurements because of instrumental errors and the errors
arising from an incorrect transformation of relative wind to absolute

wind. In either case there is little one can do with a '""bad' observation

S RN I ARSI ATt S B orp i

other than attemnpt to prevent its use through a computerized error
recognition scheme.
The accuracy of wind observations at sea varies greatly with

anemometer determinations being potentially more accurate than the

Beaufort estimates. Anemometer winds from fixed ocean station vessels

are the most accurate data available with decreasing accuracy as one

i proceeds through observations from anemometer-equipped military
vessels, lightships, merchant vessels, and finally, to merchant ships
without anemometers. The use of ship data is furtker complicated by the

. fact that anemometer heights vary over a great range and that the height

at which the observation is made is not included as part of the report.
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Further, when dealing with historical data to generate analyses for wave
hindcasting, two sources of ship reports are available: radio transmitted
observations and ship report inventories compiled from ships' weather

logs stored in national meteorological centers. Observations in the latter

category have already been subjected to some forms of error check. while
those in the former category are subject to errors of coding and trans-
mission. Interestingly, while one might expect the former category to
form a subset of observations from the latter, in practice the two data
sets tend to complement each other with only aktout a 209 duplication in
reports.

In order that ship reports can be standardized to 19.5 meters in a
way consistent with the type of observations and that internal boundary
points be determined by the most accurate and reliable ship report in
its circle of influence, the part of the analysis program concerned with
data handling first places ship reports in a priority listing into one of
the following four categories:

1. Ocean station vessel on station

2. Wind measured-anemometer height known

3., Wind measured-anemometer height unknown

4, Wind estimated.
Witnia each category, ship reports are listed according to source, reports
derived from ships! logs being given highter priority. After correlation
of the observations to 19.5 meters, the program incorporated ships into
the analysis in the order of listing. The procedure ensures thai in case
a grid point lies near two or more reports, only the most reliable report
is chosen, and also that where the two data sets overlap, the report from

the more reliable source is chosen.
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Ships in categories ! and 2 are easily corrected to 19.5 ineters

using the reported wind epced, air-sea temperatuce difference and
anemometer height and applying the surface boundary model to the cal-
culation of the stability and wind profile at the position ot the ship.
Since vessels on staticn at wezther stations report the call sign of the
station, the anemometer height for category | vessels is determined
from a knowledge of the anemometer heights of all ships manning the
stations and a knowledge of the sailing schedules,

In connection ith this study, an extensive effort was initiated

by the U.S. Nawval Oceanographic Office to obtain information on the

anemometer heights of all ships so equipped and which report rmeteoro-

logical obgervations routinely. Thc listiag in Appendix III shows the

results of this effort to date, Anemometer heights vary from 7 to 37

meters, the average height being 21 meters. The great majority

of the vessels are military vessels and one would not expect as much

variation in anemometer height on these vessels due to variations in

loading as on merchant vess.is. The listing also includes the Canadian,

U.S., and British vessels which man ocean station vessels so that
obgervations from these vess~ls can be uzilizea while the ships are in
transit.

Until a complete listing of anemometer heights for ships so
equipped is crrmpiled, there will remain ships in category 3. In the
data for the Pacific hinicasts {March, 1966-March, 1967), ships could
be identified in this category only from the ship reports compiled from
ships' logs, as a provision is made there to indicate whether the re-

ported wind is meaeured or estimated. The new form of the aynoptic

>de for ships (e%fective 1 January 1968} also includes this provis.or
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For the lack of any better irformation, winds from ships in this category
are placed at 19.5 meters, a level close to the mean height of anemometer
levels for ships in categories 1 and 2..

The majority of ship wind reports routinely avaiiable today still
consists of the Beaufort winds., That is, the wind speed is determined
from an observation of Beaufort number through a set of Beaufort number-
wind speed equivalents supposed to yield the wind speed as would be
measured at 10 meters above mean sea level. If such equivalents were
indeed correct, it would be a simple matter to correct the observations
to 19.5 meters on the basis of the profile formulas derived above. There
is mounting evidence, however, that the current official equivalents are
in error. The development of a new set of equivalents is a question under
active consideration by the World Meteorological Organization,

The history of the Beaufort sczle ca2n be found in a paper by Kinsman
(1967) and the evaluation of the current wind speed equivalents is dis-
cussed in a paper by Verplocgh (1956). It suffices here to state that the .
source of the difficulty with the current equivalents, which were drafted

by G. C.Simpson in 1906 from observations at some English coastal

stations, is that th: observations were made at locations unrepresentative ‘ ,
of deep ocean conditions and that the series reflects largely the conception d
of the Beaufort scale of only two observers. E
The inadequacy of the current series wag clearly indicated in a , :
wave hindcast program designed to generate a wave spectrum climatology ‘
for the Atlantic Ocean. In the preparatiun of the wind fields for that pro- :
gram, Beaufort estimate winds were first treated as though they were :
representative of the standard 10 meter height and were raised to 19.5 ! , "

meters on the basis of a logarithmic profile and Sheppard's drag coefficient,
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Resulting hindcasts, verified by measured wave heights,~ were con-
sistently high, The forced assumption that Beaufort winds uncorrected
were representative of 19.5 meters removed much of the bias in the
resultant hindcasts (Pierson, Tick, and Baer, 1966).

Verploegh (1956) has proposed a new conversion scale based on

a combination of all prior existing atudies of the Beaufort force wind
speed equivalents including the studies of Simpson and some 19th
century studies. Frost (1966) has criticized the way in which the studies
were combined and the series has not yet been accepted by W. M. O.

The proposed series differs from the current one (see Tabile I} mn that
it yields higher winds for Beaufort rumbers 1-5 and lower winds for
Beaufort numbers 7-12, Verploegh also states that the new equivalents
apply in the height range 10-15 meters above sea levei, The ane-
mometer levels in the nine sets of data from which the series were
determined ranged from 7 to 32 meters and no attempt was made to
reduce the data to one level,

Since the publication of Verploegh's pager, measurements of
the wind speed equis 2lents of Beaufort numbers have continued to accumu-
late. The most extensive series of measurements was made on the
British weather ships between 1960 and 1964 and the results were re-
ported by Frost (1966). A large set of measurements has also been
accumulated at the position of the Canadian weather ship in the North
Pacific Ocean between April 1962 and May 1963. Since the anemometer
level on the Canadian weather ships is 19.3 meters, and that on the
British weather ships is 19.5 meters, these data can be used directly
to determine a set of Beaufort number wind equivalents for 19,5 meters

for use in the wave forecanting wind aralysis madel.
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Table 1. Wind speed equivalents of Beaufort force
estimates {rom British and Canadian
weather ship measurements.
Beaufort 19.5 meter No. of Verploegh Current
number wind speed observations (1956)
1 2.0 181 1.5 .8
2 4.1 444 3.4 2.4
3 6.2 830 5.6 4.3
4 8.4 959 7.8 6.7
5 10.6 816 10.2 9.4
6 12.9 748 12,6 12.3
7 15.3 755 15.1 15.5
8 18.0 518 17.7 18.9
9 21.5 175 20.4 22,6
i0 25.1 51 23,3 26.4
11 27.4 13 26.5 30.9
12 29.0 9 28.2 >32.4

SR A P i)
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Table I shows the Beaufort number wind speed equivalents
; determined by combining the British and Canadian data. The 19.5

: meter equivalents are in good agreement with Verploegh's proposed
series, provided his series is representative of a level less than

19.5 meters, and both series differ from the current series in the same

{ way. The 19.5 meter equivalents are also shown in Figure 23 where it
is seen that they may be well approximated by the relation

- 7/6
Upgs = 1.62 B (5.3)

where B is the Beaufort number. Also shown in the figure are the

current 10 meter equivalents, The curves intersect near Beaufort

ot e Bty 1T m i

number 7 and indicate that between Beaufort numbers 5 and 3
(roughly 20 to 40 knots), currently reporied wind speeds can be taken v
to be representative of 19.5 meters with little error, in essential 'i
agreement with the forced assumption noted above.

The current set of equivalents is well represented by the i

' relation

U_ = .836 p3/2 (5 4)

i and this relation can be combined with (5.3, to yield a relation that
converts currently reported winds, Co.to the 19.5 meter equi-
valents. For wind speeds in knots the relation is

/9

U, . =2.16 x Ur7 (5.5)

19.5
Observers frequently interpolate between Braufort numbers or take
into account effects of fetch, duration, stability, and tidal cffects by

choosing wind speeds at the extremes of the ranges of the current

equivalents. The use of (5.5) correctly expresses such considerations
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in terms of the 19.5 meter equivalents.

5.4 The analysis procedure

The general flow of the proposed analysis procedure is indi-
cated in Figure 24. Objectively analyzed fields of sea level pressurc,
air temperature and sea surface temperature serve as the basic metcor-
ological input along with the ships' observations of wind speecd and
direction. The analyzed fields are routinely available on the standard
JNWP grid from both the U.S. Navy Fleet Weather Facility (sea level
pressure, air temperature, sea temperature) and ESSA (sea level
pressure and temperature). ‘

The first step in the procedure is the computation of the initial
evaluaticn of the bovndary laver wind distribution from the analyzed
fielés, The sea level pressure ficld 3uad air temperature analysis are
used o compute the sarface geostrophic wind speed and direction, the
thermaj wind sprec and dire tior, and the angle botween the thermal
wind and geostirophic wind., Tiorse quantities ainng with the cir-seca
temperature differences arc sufficirnt to compuic ihe characteristics
of the surface bouncary iaver through the application of the planctary
boundary layer radel acveloped above, Indecd, in a truc wave fore-
casting procedure, the model yields directly the zpecific information
required by the spectral! srowth formuiation. In this ins.ance, the input
fields may be proguosiic fields oi sea level pressurc and boundary
layer temnperature such s are custantiy being produced by primitive
equat ct. predict’su rrodels (Shumarn an? Hovermmaele, 1968), and a sca
surface teraprratare aralysis, o sutiicionily conscrvitive ficld for

saart-raiyy forelasiing.
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In a hindcasting situation, the analysis can be carried further
in terms of the wind components at any level in the surface layer, since
the air-sea temperature difference is regarded as given. The 19.5
meter level is well within the surface layer for wind speeds of practical
interest so that the meridional and zonal components of the 19,5 meter
wind are the only output of the model retained.

It is generally desirable for wave forecasting purposes to pro-
vide a meteorological i» out extending through the trade wind zones to
near the equator. However, analyzed and prognostic fields of sea ievel

pressure and air ternperature are generally limited by the octagonal

EPPTEFEL Rt S AR S

l boundary of the JNWP gird and even if available would not ke useful
for wird field calculations since the planetary boundary layer modei is :
§
bound to fail as lower latitudes are approached. To provide the neces- t
sary input then, the first guess meridional and zonal 19.5 meter wind %

i components are merged with a climatological wind field and extended

to the equator. The climatology used for this purpose consists of the

mean monthly surface zonal and meridional wind components as com-

i piled on the INWP grid extended to include the entire Northern

Hemisphere.*

i b n

The merger of the climatological wind field with the computed

initial guess fields is accomplished simply by overlapp.ig the two outer

rings of computed winds with climatological winds and averaging for

vt am b

each comnponent. More elaborate merging procedures could be applied

but since the fields have yet to pass through CRAM and smoothing, the L

v *Climatological source: Components of the 1000-mb winds (or
surface winds) of the Northern Hemispher. (1966): NAVAIR

50-1C-51 . : !
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fields will be automatically integrated further by these operations.

To allow a more accurate incorporation of observations into
the initial guess field and alsc to allow for the possibility of a smaller
scale analysis where the data permit, the initial guess fivld is ex-
panded to a grid system in which the JNWP grid spacing has been
halved, creating four times as many grid points (125 x 125). In the
procedure, new grid point information is genesrated by fitting a
curvilinear surface to the four grid points surrounding the generated
grid point and interpolating the surface to the position of the grid
point.

The incorporation of ship reports inlo the analysis is done
on a priority basis. At this stage, a final error check may be made
on observations by comparing the reported wind speed and direction to
that interpolated to the position of the ship from the. initial guess field.
If the diffcrence of either element exceeds a preset limit, the obser-
vation is discarded; otherwise, the differemnce is translated to the
nearest grid point, thereby creating an internal boundary point. The
application of CRAM and a smoothing then yields analvzed fields of
1319.5 ) qu‘s , from which, combined with the air-sea temperature
difference, fields of the 19.5 meter wind speed, direction, and friction

velocity are computed for transferral to the wave prediction grid and

use in the wave growth subroutine.
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6. Summary and Conclusions

The past decade has witnessed the development of numerical
ocean wave specification procedures to the point where realistic wave
generation theories are being used to model the way in which the wave
spectrum develops in response to the low level wind field near the sea
surface. Limited evaluation of the mcdels has indicated that their
practical utility is limited mainly ty the inadequacy of the meteoro-
logical input supplied to these models by existing meteorological analy-
sis techniques. In particular, what is required by an operational state
of the art wave specification model is a description of the surface
boundary layer wind distribution in the marine atmosphere on the
synoptic time and space scales. For the purposes of wave hindcasting
this description must be computed from conventional ships' obser-
vations while for wave faorecasting the description must be computed
from routinely available meteorological prognostic fields. The
latter problem is solved in this study through the development of a
plaiietary boundary layer model appropriate to the marine atmesphere.

The results of this study may be stated as iollows.

1. Though considerable progress has been made in the past decade

in our understanding of the distribution of wind in the planetary bound-
ary layer, none of the theoretical models proposed prior to this study
could be applied to the non-neutral baroclinic boundary layer over the
sea.

2. One of the more successful models was extended to include the
effects of a non-neutral stratification and an internally prescribed

description of the lower boundary. Baroclinicity was included in a
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way such that its eff=-'- zould be specified from conventional analyses
of surface air temper= re«, and the stability influence was formulated
so that its effects could be specified ficm the air-sea temperature
difference.

3. The characteristics of the surface bom‘mda.ry layer wind distribution
were found to depend significantly upon the geostrophic wind speed,
the air-sea temperature differ=nce, the magnitude and orientation

of the horizontal temperature gradient and latitude. The ratio of the
typical anemometer level wind to the geostrophic wind can range from
409, to 909 over typical ranges of wind speed and air-sea temperature
difference. Baroclinicity and air-sea temperature were also found to
affect the directiona)l haracteristics of the boundary layer wind dis-
tribution,

4. Existing statistical studies of thc speed and directional charactez-
istics of the anemometer level wind over the sea were found to be
spccial cases (in terms of latitude, height at which wind speed was
measured, range of wind speeds and stabilities involved and con-
siderations of the average correlation between stability and baro-
clinicity) of the model. When the model parameters were suitably
restricted, the theoretical relationships compared very well with the
statistically derived relations.

5. The boundary layer model approach makes possible the calculation
of the input parameters required by wave specification models from
routinely available prognostic fields.

6. Should spacecraft sources of surface wind information become

available, the model may be utilized in reverse to specify the distri-
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bution of wind and pressure to the top of the planetary boundary layer

N from surface layer information alone.

The planetary boundary layer model is consistent, as the surface
. is approached, with a surface boundary layer model constructed around
the simili.rity profile forms that have been shown to describe the distri-
bution of wind and temperature in the lowest 10-100 meters of atmo-
sphere over land and the sea. The following conclusions could be drawn

from research on this aspect of the model.

1. A combination of inferences from recent theoretical work on wave
generation and evidence from recent field experiments in wave generation
and in turbulence studies over water leads naturally to the conclusion that
at least for situations of active wave generation, the profile method can
be applied to the calculation of the turbulent fluxes of momentum in the
surface boundary layer over the sea,

2. Within this restriction, the main difference between the surface bound-

ary layer over land and that over the ocean lies in the complexity of the

roughness parameter specification for the latter. In this study, the rough-
ness parameter is prescribed internally in terms of physical constants
and the surface shearing stress. The proposed relation interpolates be -
tween aerodynamically smooth and rough flows and is consistent with a
large body of observational evidence.
3. The surface boundary layer model eifectively separates the effects of
wind speed, stability and anemometer height on the ratio of the surface

' shearing stress to the anemometer level wind speed. The predictions
of the model compare favorably with recently obtained direct measure-

ments of the turbulent Reynolds stress over the open ocean over a wide

I
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range of wind Speeds and stabilities.

4. A technique has been developed w.._reby the surface boundary layer
wind distribution may be specified from single layer measurements of

wind and air temperature and sea surface temperatun; measurements.

The procedure was successfully tested with the limited amount of ob-

sarvational data capable of evaluating such a technique.

The incorporation of stability effects in the meteorological
specification makes possible the inclusion of such effects in wave pre-
diction. As a part of this study, the wave spectral growth formulation
of the wave prediction model under development at N. Y. U. was general-

ized to include certain effects of stability in the following way,

1. The effect of stabhility upon the Miles-Phillips instability mechanism
was investigated and it was demonstrated that the existing relation be-
tween growtn rate and surface shear stress was of sufficient generality
to describe the effects of stability on growth rate, provided a stability
dependence was incorporated into the calculation of the shear stress
from the wind field.

2. The Pierson-Moskowitz fully developed spectral form was effectively
generalized to non-neutral conditions by relating the fully developed
form to the low level wind profile, instead of to the wind high above the
surface. Within the context of the spectral growth formulation, this
effect allows stability to further affect the growth rate as well as the
maximum height to which a spectral component can grow for a given
anemometer level and speed, fetch and duration.

3, Through the application of the surface boundary layer model, the

stability modifications were tested by generating model predictions for
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conditions corresponding to those encountered in observational studies

of the dependence of wave generation on air-sea temperature difference.

! The calculations compared quite favorably with the observational eviaence.
4. The effects of stability on wave generation are significant with the
extremes of air-sea temperature frequency enc-untered over large areas

of the major oceans. For example, the range of air-sea temperatvre

difference, -8°C to +4°C, produces deviations in significant wave height
over neutral conditions that average +209% over the wind speed range
20-40 knots. In terms of the spectrum, these changes correspona to
significant shifts in the spectral peak and larger changes in the spectral
density of wave components at frequencies near and below that of the

spectral peak.

Finally, as a part of this study, an analysis scheme is ou ‘ned
which demonstrates how standard objective analysis techniques can be

combined with the surface and planetary boundary laver models summar-

ized above in an objective computerized format. Also discussed are
3 solutions to some very practical problems associated with the full
utilization of the different kinds of ships! weather observations routinely

available.
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APPENDIX I: Fortran V subprogram for the computation of

anaoanon

1000

1200

1400

2000

(S, -5

o o

12

40

friction velocity, roughness parameter and
stability length from wind speed and air-sea
temperature difference data.

SUBRQUTINE PROPAR (UM, ZM, TD, ZTM, VST, ZO, SLN)

INPUTS: UM=WIND SPEED(FT/SEC), ZM=ANEMOMETER
HEIGHT (FT), TD=AIR-SEA TEMP DIFFERENCE
(CELSIUS), ZTM=THERMOMETER HEIGHT (FT)

OUTPUT: VST=FRICTION VELOCITY (FT/SEC), ZO-=
ROUGHNESS PARAMETER (FT), SLN=STABILITY
LENGTH (FT)

DATA A/7.3627E-04/B/1.3045E.03/C/-1.4%34E-03/CF/54.3478/
VST=.04% UM
IF(ABS{TD).GT.1.0) GO TO 2000
VSTN=(.4%UM)/(LOG(ZM /{A/VST+B*VST *%2+C)))
IF(ABS{VSTN-VST).LT.05) GO TO 1400
VST=VSTN
GO TO 1000
FOR NEUTRAL CONDITIONS SLN RETURNS O.
SLN=0.
GO TO 12
SLG=VST #%2%CF»({LOG(ZTM/(A/VST+B* VST %*2+C)))/TD
VSTN={.4*UM)/{LOG(ZM /(A /VST+B* VST **2+C))-PSI(ZM /SLG})
IF(AB3(VSTN-VST).LT. .05) GO TO 4
VST=VSTN
GO TO 1
SL=SLG

SLN=CF*VSTN*#2%(LOG(ZTM /(A /VSTN+B*VSTN #%»2+C)- PSI(ZTM/SL)//TD

IF(ABS(SLN-SL}.LT.1l.) GO TO 8
SL=SL.N

GO TO 5

IF{ABS{SLN-SLG).LT. 1.) GO TO 12
SLG=SLN

GO TO 1

ZO=A/VST+B*VST*%2+C

END

FUNCTION PSI(P)

IF (P. GT.O0.) GO TO 40

S=SHR(P)

PSI=1. -S-3. *LOG(S)+2. * LOG((1. +5)/2)+2. * ATAN(S)-1.5708+

1LOG((1: +S5*#2)/2.) :
RETURN

PSl= -7. * P

END
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APPENDIX I continued:

' FUNCTION SHR (PS)
IF(PS.GT.O,) GO TO 40
: : 5 RI=PS
b, 10 RINEW=PSx(1.0-18. «RI)*x{1. /4.)
; IF(ABS(RINEW-RI}.LT..001) GO TO 30
, 20 RI-RINEW
: GO TO 10
o 30 SHR=1./(l.-18. *RINEW)*x(l. /4.)
RETURN
3 40 SHR=1.+7.*PS
i END
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APPENDIX II: Fortran V subprogram for the computation of
friction velocity, inflow angle, roughness
parameter and stability length from the large
gscale synoptic parameters.

SUBROUTINE ITRATE(G, F, TD, TH, ETAH, VST, PHI, ZO, PARAM)

INFUTS:G=GEOSTROPHIC WI ND SPEED(FT/SEC), F=CORIOLIS

PARAMETER(! /SEC), TD=AIR-SEA TEMPERATURE
DIFFERENCE(CELSIUS), TH=DIMENSIONLESS THERMAL
WIND MAGNITUDE, ETAH=ANGLE BETWEEN GEOSTROPHIC
WIND AND THERMAL WIND.

OUTPUT:VST=FRICTION VELOCIT Y(FT/SEC), PHI=INFLOW ANGLE
(RADIANS), ZO=ROUGHNESS PARAMETER (FT), PARAM=
STABILITY LENGTHK(FT).

NOTE: FUNCTIONS SHR AND PSI ARE USED AS IN APPENDIX I }J

DATA C1/7.3627E-04/C2/1.3045E-03/C3/-1.4534F 03/B/3.E-04/TA/280./

VST=.0245x*G
T=0.
ETA=0.
INDEX=1
IF(ABS(TD). GT. 1.) GO TO 4
3 ZONL-=0.
PARAM=0.
F1=0.
S=1.
. GO TO 1110
4 PARAM=TA%*VST=*2/(.16%32.2%.1 »TD)
6 ZONL=((B*G)/F)/PARAM
FI1=PSI{ZONL)
* S=SHR (ZONL)
1110 CONTINUE
CPA=(B*G/F*8)*(LOG(B*G/(F*(Cl/VST+C2* VST **2+C3)})-FI)
BET=SQRT(S#F#%2/(2 = VST*.4*B*G))
P=SQRT(l.+2, «(CPA %2> BET =% 2+2. «CPA *BET)
R=SQRT(1. +(F 2#2%T*%2% CPA =#2)/G*#2- (2. *F »T *CPA *COS(ETA))/G)
ALPH=ASIN(CPA*BET/P)
ARGUM={F*T*CPA*SIN(ETA)/(R*Q))
GAMMA =ASIN{AR GUM)
1114 PHI=ATAN(SIN(ALPH+GAMMA)/{P/R-COS(ALPH+GAMMAY)))
VSTN=({(.4*G *R *SIN (A LPH+GAMMA ))/(P *SIN(PHL))/ (LOG{B *G/F *(Cl/VST
14C2% VST #%24C3)))-FI
TEST=ABS(VSTN-VST)
1F(TEST-.05)1130,1130,1120
1120 VST=VSTN
GO TO 1110
1130 I¥(ZONL-0.)'140,1150,1140
1140 FE=PSI(33. /PARAM)
PARMNU=(VST*%2#TA*(LOG(33. ACY VST+C24VST=#2+C3)-FE))/5.15%TD
IF(ABS(PARMNU-PARAM).LT. 5) GO TO 1150
1142 PARAM=PARMNU
GO TO 6
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Appendix II continued

1150 IF(INDEX-2)1152,1155,1152
1152 T=TH
ETA=ETAH
INDEX=2
1155 Z0=C1l/VST+C2»VST**24C3
END

129




Appendix II continued

1150 IF(INDEX-Z)IISZ,IISS,1152
1152 T=TH
ETA=ETAH
INDE X=2
1155 ZO=C1/VST+C2xVST »*2+C3
END
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APPENDIX III: Anemometer heiyht listing.
Call Sign Height (ft) Cali Sign Height !ft’
' (U.S. Coast Guard) NRUS 80
NRUO 78 NRUA 66
] . NBYG 78 NBTM 80
NRPA 42 NRDS 93
A NODG 52 NBWJ 76
3 NODH 52 MNRDC 79
4 NODI 52 NICB 84
, NRPX 52 NLUR 99
v NRPK 52 (MSTS* VESSELS)

1 : NODC 78 NCML 76
- NRPIN 54 NQWO 55
NRCQ 80 NZAE 62
NMJIH 49 NBEI 83
NMGP 49 NCHI 89
: NMJA 49 NODQ 60
i NEWP 49 NYCE 110
. NKVY 49 NLZF 103
NMDN 49 NJSK 79
NRVA 60 NLOO 79
NODO 60 NTPA 79
b NPPY 52 NNUD 84
NRZI 52 NUGS 70
’ NRUC 70 NYSS 90
NRXO 60 NTFH 60
NNHB 79 NRKO 90
WRUD 80 NPFG 60
NODB 78 NUUG 54
NRUP 56 NRXE 60
o NRFJ 72 NHXN 79
o NRUU 56 NXDM 79
Cod NRDT' 89 NHYK 79
: NRUJ 80 NKBF 100

¢ NRUB 80 (Scripps Institute)
NRUN 80 KEYI 64
) NBNP 80 KLFK 48
NBXL 79 KKDZ 72
i NRDB 95 KSLF 55
. NBZF 82 KGWU 59

i NBOZ 80 (Pacific Far East Lines)

NYLW 80 KFCJ 69
NRDD 70 KIBA 69
NBQR 80 NCVN 97
NEJL 75 NSCR 55

NRDL 89 (Chevron Shipping)
NICC 80 6ZRC 95
’ NODA 75 6ZJE 95

* Military Sea Transportation Service
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APPENDIX 111 continued

Call Sign Height (ft)
(States Line Shipping)
wJIBA 103
WJIHA 103
KKFW 103
WPHI 103
KGTP 103
WEBW 103
(U.S. Bureau of Cormnm. Fish.)
WTDK 60
WTDF 48
WTDL 84
(British Weathecr Ships)
MDBE 64
MYDN 64
MEDD 64 ;
MEDE 64 b
(British Antarctic Survey) L
ZDLB 30 ;
ZDLA 30
{Others) :
GRLU 74 3
MHKV 58 i
GSZY 46 {
GLNE 80 1
MLBG 29 f‘
BKBO 63 -~
6 ZHL 120 %
WTES 92
DZYB 50
WFNA 52 :
i
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